
WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

PCT
INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 7
:

F01N 3/00 Al
(11) International Publication Number: WO 00/50743

(43) International Publication Date: 31 August 2000 (31.08.00)

(23) International Application Number: PCT/USOO/04783

(22) International Filing Date: 25 February 2000 (25.02.00)

(30) Priority Data:

60/121,903

60/142,318
26 February 1999 (26.02.99) US
2 July 1999 (02.07.99) US

(71) Applicant: LITEX, INC. [US/US]; 2235 Massachusetts Av-
enue, Cambridge, MA 02140 (US).

(72) Inventors: CAREN, Robert, P.; 6039 Gleneagle Circle, San
Jose, CA 95138 (US). EKCHIAN, Jack, A.; 116 Watson
Road, Belmont, MA 02178 (US). DEKELAITA, Tony;
2621 Colby Street, Flint, MI 4S504 (US). HALLENBECk!
Ray; 3426 Sandyshore Drive, Metamora, MI 48455 (US)!
NOWAK, Victor, J.; 32093 Weston Drive, Beverly Hills,
MI 48025 (US). PIETRASIK, John; 7733 Coddington
Court, Clarkston, MI 48348 (US). ROTH, Greg; 1251
Thames Court, Rochester Hills, MI 48307 (US). TAUS,
Jeff; 3299 Hilltop Drive, Holly, MI 48442 (US). TYLE,'
Mike; 750 Rolling Acres Drive, Ortonville, MI 48462 (US).
YAMPOLSKY, Josef; 3848 West 226th Street, #21 4E
Torrance, CA 90505 (US).

(74) Agents: WEILD, David, III et al.; Pennie & Edmonds LLP,
11 55 Avenue of the Americas, New York, NY 10036 (US)!

(81) Designated States: AE, AL, AM, AT, AU, AZ, BA BB BG
BR, BY, CA, CH, CN, CR, CU.-CZ, DE, Dk/dM* Ee'
ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN IS JP
KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA*
MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT RO RU
SD, SE, SG, SI, SK

t SL, TJ, TM, TR, TT, Tz/uA,' UG*
UZ, VN, YU, ZA, ZW, ARIPO patent (GH, GM, KE Ls'
MW, SD, SL, SZ, TZ. UG, ZW), Eurasian patent (AM, AZ
BY, KG, KZ, MD, RU, TJ, TM), European patent (AT Be'
CH, CY, DE, DK, ES, FI, FR t GB, GR, IE, IT, LU MC
NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM, Ga'
GN, GW, ML, MR, NE t SN, TD, TG).

Published

With international search report.

Before the expiration of the time limit for amending the
claims and to be republished in the event of the receipt of
amendments.

(57) Abstract

in ll
(iPParatuS

t

and a method reduction of pollutants in a gas stream containing gas formed from the oxidation of fuel such,s, m the exhaust stream of a combustion engine (II). Radicals are produced using a corona discharge (e.g. 30, 40) in the^combustiongas stream (18) of the engine either in the precombustion gas stream or from water in the exhaust gas. When the radical ; ar^produced

ZZn<^Xhaust
ftf

aS

f

S

h

tream
-
the radicaIs ™ay be produced using a corona discharge (e.g. 30, 40) placfd directly in the e7haus "ream (1 8^leading to or within the catalytic converter (13), or a portion of the exhaust stream may be diverted to a remote corona discharged icagenerator (23). The corona d^charge (e.g. 30, 40) in the generator (23) produces radicals in the diverted exhaust gas, and the exhaust gascontaining radicals 1S then conveyed to the exhaust gas stream (18) at a point upstream of the outlet of the catalytic converter (13)
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METHOD AND APPARATUS FOR USING FREE RADICALS TO REDUCE
POLLUTANTS IN THE EXHAUST GASES FROM THE

COMBUSTION OF A FUEL

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application is a continuation-in-part of co-pending U.S.

Application Serial No. 08/947,287, filed October 7, 1997, which is a continuation-in-part of

Application Serial No. 08/768,833, filed December 18, 1996, now United States Patent No.

5,863,413. This application also claims priority to U.S. Provisional Application

Nos. 60/121,803, filed February 26, 1999 and 60/142,318, filed July 2, 1999. The teachings

and disclosures of the provisional and non-provisional patent applications, referenced

above, are incorporated herein in their entirety by reference.

Field of the Invention

The present invention is directed to a method and apparatus for reducing

pollutants in gas streams, such as the gases produced by the combustion of fuel in an

engine, in a fuel cell reformer, in effluent gas from manufacturing processes, etc. More

particularly, the invention is directed to a method and apparatus for the reduction of

pollutants by improving the efficiency of a catalyst by introducing highly reactive free

radicals and related reactive gaseous species into a combustion gas stream upstream of the

outlet of a catalyst. The radicals and related gaseous species are produced from gaseous

species in the gas stream by means of a corona discharge generated by a corona discharge

device. The invention is further directed to a method of improving the performance of a

catalytic converter in treating gas streams to reduce pollutants as well as reducing and

reversing the poisoning or contamination of catalytic converters by for example sulfur,

phosphorous, and carbon compounds.

BACKGROUND OF THE INVENTION

As is well-known in the art, an internal combustion engine mixes air with

fuel, and ignites and burns the mixture of air and fuel in a controlled manner to produce

work. The resulting exhaust gases, which may be treated to remove pollutants, are then

expelled into the atmosphere. Ignition of the air/fuel mixture in the cylinder is typically
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achieved by an ignition device, typically, a spark plug or the like, or by the adiabatic

compression of the air/fuel mixture, which heats the mixture to a temperature above its

ignition point.

In gasoline powered internal combustion engines commonly in use today,

5 ambient air is conveyed via an air intake duct or port to a carburetor or a fuel injection

system, which is used to mix the air with the fuel to create the air/fuel mixture. For engines
with some types of fuel injection systems, as well as those equipped with carburetors, the

air/fuel mixture is then conveyed via an intake manifold to the combustion chamber or

cylinder of the engine. In gasoline engines equipped with port injection type fuel injection
10 systems, the air is directed through the intake manifold to the intake port of the combustion

chamber before the fuel is mixed with the air. In diesel-type engines and some gasoline

engines using in-cylinder fuel-injection systems, the air and fuel are conveyed separately to

the combustion chamber or cylinder of the engine where they are mixed.

After the combustion of the air/fuel mixture, the resulting exhaust gases are
15

expelled from the combustion chamber to an exhaust manifold. In almost all modem
gasoline powered engines, the exhaust gases are then conveyed by an exhaust pipe to a

catalytic converter where pollutants are substantially removed from the exhaust gas.

However, during the operation of an internal combustion engine, even one equipped with
pollution control devices, such as a catalytic converter, some pollutants, as described below,

2 0
remain in the exhaust stream, and are expelled into the atmosphere through a tailpipe.

In addition to complete combustion products, such as carbon dioxide (C02)

and water (HzO), internal combustion engines also produce exhaust gases containing a

number ofpollutants, e.g., carbon monoxide (CO), a direct poison to human life, and

^ hydrocarbons (HQ, that result from incomplete combustion. Also, due to the very high

temperatures produced by the burning of the hydrocarbon fuels followed by rapid cooling,

thermal fixation of nitrogen in the air results in the detrimental formation of nitrogen oxides
(NOJ, an additional pollutant. The amount of CO, HC, NO, and other pollutants produced
by an internal combustion engine varies with the design and operating conditions of the

3 q

engine. Other pollutants that can be produced by a combustion engine include particulates,

which may include solid carbon and, possibly, various heavy hydrocarbons.

Although the presence of pollutants in the exhaust gases of internal

combustion engines has been recognized since 1901, the control of internal combustion

- 2 -
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engine emissions in the United States only became required by law with the passage of the

1970 Clean Air Act. Engine manufacturers have explored a wide variety of technologies to

meet the requirements of this Act, including exhaust gas recirculation, electronically

controlled fuel injection systems, which receive data from various sensors in the

5 combustion stream, allowing the accurate control of the air/fuel ratio, and catalytic

converters. Catalysis has proven to be the most effective passive system.

The purpose of a catalytic converter is to oxidize certain pollutants, such as

CO and HC to C02 and H20, and, in a three way catalyst, to additionally reduce NO/N02 to

N2 . In modern three way catalytic converters (TWC), all three pollutants are reduced

10 simultaneously. NOx
reduction is most effective in the absence of oxygen, while the

abatement ofCO and HC requires oxygen. Therefore, to prevent the production of these

emissions from presently available vehicles requires the operation of the engine at or near

the stoichiometric air-to-fuel ratio.

catalysts, held in honeycomb monolithic structures, which have excellent strength and

crack-resistance under thermal shock. The honeycomb construction and the geometries

chosen provide a relatively low pressure drop and a large total surface area that enhances

the mass transfer controlled reactions that remove pollutants from the exhaust. The

honeycomb is set in a steel container, and protected from vibration by a resilient matting.

which the catalytic components are incorporated, is deposited on the walls of the

honeycomb. TWC technology for simultaneously converting all three pollutants typically

utilizes the precious or noble metals platinum (Pt) and rhodium (Rh), where Rh is primarily

responsible for the reduction ofNOx , while also contributing to CO oxidation, and Pt is

primarily responsible for CO oxidation. Recently palladium, Pd, has been substituted for or

used in combination with Pt and Rh.

pollutants emitted in the exhaust gases from automobile and truck engines, further

reductions in the amount of pollutants in the exhaust gases of the internal combustion are

required under present and planned government regulations.

Increasing the efficiency of the catalytic converter or catalysis is highly

desirable. The conversion efficiency of a catalytic converter is measured by the ratio of the

- 3 -

Today, nearly all automobile catalytic converters contain noble metal

20 An adherent washcoat, generally made of stabilized gamma alumina into

While considerable gains have been made in recent years to reduce the
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rate of mass removal of the particular constituent of interest to the mass flow rate of that
constituent into the catalytic converter. The conversion efficiency of a catalytic converter i<

a function ofmany parameters including aging, temperature, stoichiometry, the presence of
any catalyst poisons, sudr as lead, sulfur, carbon and phosphorous, the type of catalyst and
the amount of time the exhaust gases reside in the catalytic converter.

Prior art attempts to increase the efficiency of catalytic converters have not
been sufficiently successful. Modem catalytic converters significantly reduce CO HC and
NO,, but use expensive noble metal catalysts, and may have difficulty in meeting future
emission requirements. Moreover, commercially available catalytic converters have a
limited performance lifetime, and have a low conversion efficiency until the catalyst reaches
operating temperature.

Therefore, a need exists for a simple, inexpensive means of reducing the
amount ofpollution released into the environment from gas streams, such as the gases

^ produced by the combustion of fuel in an engine, in a fuel eel, reformer, in effluent gas from
manufacturing processes, etc., that can be installed on systems presently in use that release
pollution, as well as on new,y manufactured systems. The present invention provides such
a means.

2 Q
SUMMARY OF THE INVENTION

One object of the present invention is to provide a method and apparatus for
reducmg pollutants in gas streams in general and, in particular, in the exhaust gases of an
internal combustion engine by improving the performance of the catalyst without the need
for major modifications to the internal combustion engine or the catalytic converter.

2s
Another object of the invention is to provide a method and apparatus, which

are inexpensive to employ and manufacture, and simple in structure and operation for
reducing pollutants in a gas stream, such as the exhaust gas stream of a combustion engine

The present invention is directed to an apparatus and a method for reducing
at least one pollutant in a gas stream formed, e.g., from the oxidation or combustion of fuel

q

The apparatus comprises a catalyst, having an inlet and an outlet, where the catalyst is
positioned so that at least a portion of the gas stream passes through the catalyst; a corona
discharge device for producing a corona ^charge, ,,, a non-thermal plasma or silent
discharge, in at least a portion of the gas stream, the corona discharge device compnsing at

- 4 -
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manner disclosed in co-pending U.S. Application Serial No. 09/122,394, filed July 24,

1998, the contents of which are incorporated herein in their entirety by reference.

In vehicular applications, where the engine has a combustion stream, which

comprises a precombustion gas stream and an exhaust gas stream or postcombustion gas

5 stream, the apparatus of the invention comprises a catalytic converter, having an inlet and

an outlet, and a corona discharge device for producing a corona discharge in the exhaust

gas, such that radicals are produced from gaseous species, such as, e.g., water or oxygen

(02), in the exhaust gas. Useful corona discharge devices include, but are not limited to,

corona discharge devices of the type described below, and those disclosed in co-pending
10 U.S. Application Serial No. 08/947,287, filed October 7, 1997, the contents of which are

incorporated herein in their entirety by reference. At least one catalytic converter is

positioned such that at least a portion of the exhaust stream from the engine passes through

the catalytic converter. The radicals produced by the corona discharge device are

introduced into the combustion gas stream, preferably the exhaust gas stream, at a point
15 upstream of the outlet of the catalytic converter, such as, e.g., within the combustion

chambers or exhaust ports of the engine, in the exhaust stream upstream of the catalytic

converter, or within the catalytic converter. However, the radicals may also be introduced

into the precombustion gas stream.

In an alternate embodiment, radicals are produced remotely by the corona
2 0

discharge device from gaseous species in the exhaust gas from the exhaust stream, and are

introduced back into the exhaust stream at a point upstream of the outlet of the catalytic

converter. Typically, however, an exhaust pipe is attached to the inlet of the catalytic

converter, such that at least a portion of the exhaust stream passes through the exhaust pipe

to and through the catalytic converter, and the exhaust pipe comprises a fitting for
25 .

positioning the corona discharge device in the exhaust stream, so that a corona discharge is

produced in the exhaust stream in the exhaust system upstream of the outlet of the catalytic

converter.

Radicals may also be produced in exhaust gas in a remote corona discharge

radical generator. In this embodiment, an exhaust pipe or manifold attached to the inlet or

outlet of the catalytic converter has an exhaust gas takeoff for conveying a portion of the

exhaust stream to the remote radical generator. The corona discharge device in the

generator is used to produce radicals, such as hydroxyl radical from water in the exhaust

- 6 -
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gas, in the portion of the exhaust stream conveyed to the remote radical generator. Exhaust
gas containing radicals from the remote radical generator is then introduced into the exhaust
stream or the precombustion gas stream at a point upstream of the outlet of the catalytic
converter.

It is preferable that the corona discharge device and associated power supply
consume httle power particularly in applications including motor vehicles. As discussed
above, it is desirable that the corona discharge device and power supply require less than
about 0.1 percent, more preferably, less than 0.05 percent of the rated output of the engine
Embodiments of the corona discharge device and power supply of the present invention
have been developed that are at least 50 percent efficient, that is, e.g., for a corona discharge
device developing about 15 watts, the system requires no more than about 30 watts Under
certain Circumstances, such as cold starts and particular exhaust conditions, the corona
discharge device system may require more power, i.e., up to about 1,000 watts, in which
case the system can be scaled by appropriate design. Such a design could be, e g more
than one corona discharge device, a larger device, a higher output wattage power supply or

15

the like

Preferably, in each vehicular embodiment described above, an oxygen sensor
is positioned between the inlet of the catalytic converter and a point upstream of the

^ q

catalytic converter where the exhaust gases containing radicals are introduced, either by /„
suu generation or addition, into the exhaust stream or precombustion gas stream. Such an
oxygen sensor is mounted upstream of the catalytic converter of virtually all modem spark
ignition engines, and allows the fuel injection system of the engine to maintain a
stoichiometric air/fuel ratio.

2 g

In another embodiment, the corona discharge device is positioned in a shunt
attached to the exhaust pipe, such that at least a portion of the exhaust stream enters the
shunt from the exhaust pipe at a first point upstream of the catalytic converter, and re-enters
the exhaust pipe at a second point upstream of the outlet of the catalytic converter To
reduce the operating temperature of the corona discharge device, the shunt may also

3 q

comprise one or more extended surfaces or other cooling devices, which radiate or
otherwise remove heat, and reduce the temperature of the shunt and the exhaust gas that
passes through the shunt.

- 7 -
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A typical corona discharge device may comprise generally concentric

electrodes, such that a corona discharge is formed in the air gap between the electrodes

when the device is operating. The concentric electrodes typically include an inner

electrode, an outer electrode, which may be formed from a wire mesh, and at least one

5 dielectric material, preferably having a dielectric constant in the range of from about 2 to

about 10. The dielectric material forms a layer on at least one of the inner electrode or the

inner surface of the outer electrode. The outer electrode may include a top portion, so that

the air gap is totally enclosed by the electrodes and the dielectric, such that the outer

electrode functions as a flame arrester. At least one flame arrester may also be positioned in

10 the exhaust pipe to prevent the propagation of flame in the exhaust pipe; e.g., downstream

of the corona discharge device and upstream of the catalytic converter to prevent exposure

of the catalytic converter to flame from the combustion of residual fuel. A corona discharge

device may be constructed such that the exhaust pipe functions as a distant ground electrode

for the corona discharge device.

15 To insure that fresh exhaust gases from the exhaust stream are constantly

exposed to the corona, the corona discharge device may be positioned such that naturally

occurring pressure fluctuations in the exhaust stream provide a pumping action that forces

exhaust gas into the corona discharge device, and scavenges gases containing radicals

produced in the corona discharge from the corona discharge device. This pumping action

may be augmented by positioning a properly sized plenum adjacent to the corona discharge

device, in a manner that allows the exhaust gas to pass from the exhaust pipe, through the

corona discharge, into the plenum, and back into the exhaust pipe.

The apparatus of the invention may further comprise a device for injecting

air into the exhaust stream during fuel rich cold start operating conditions, such that the

corona discharge causes the oxidation of fuel in the exhaust stream.

The present invention is also directed to a method for the reduction of at least

one pollutant in a gas stream comprising gas formed from the combustion or oxidation of
fuel, such as, e.g., in an engine having an exhaust pipe attached to an inlet of a catalytic

converter. The method comprises passing the gas stream through the catalytic converter;

forming radicals in at least a portion of the precombustion or postcombustion gas stream

using a corona discharge; and introducing the radicals into the gas stream upstream of the

catalyst. The radicals are typically produced from at least one of water or 02 in the gas.

- 8 -



WO 00/50743 PCT/US00/04783

The radicals may then react with gaseous species in the gas stream to form other gaseous

species, including other radicals. Radicals and gaseous reactive species that can be

produced in the corona discharge and by secondary reactions include, but are not limited to,

OH, O, H, H02 ,
H202 ,

NQ2 , or 0 3 . In vehicular applications, the radicals may be formed in

5 at least a portion of the exhaust stream of the engine, and introduced into the exhaust pipe at

a point upstream of the outlet of the catalytic converter. Alternatively, a portion of the

exhaust gas may be diverted from the exhaust stream, and conveyed to a remote radical

generator, where radicals are formed in a corona discharge. The radicals are then

introduced into the exhaust stream or precombustion gas stream at a point upstream of the

10 outlet of the catalytic converter. In each embodiment, an oxygen sensor may be positioned

in the exhaust pipe between the catalytic converter and at a point upstream of the catalytic

converter where the radicals are formed in the exhaust stream in the exhaust pipe.

Preferably, the oxygen sensor is positioned at a point downstream of the location where the

radicals are formed or introduced into the exhaust stream.

Introducing radicals into the exhaust gas stream upstream of the outlet of the

catalytic converter has also been found to remove catalytic poisons from surfaces of the

catalytic converter by the reaction of the poisons with at least one of the radicals or gaseous

reactive species formed in the exhaust stream. The catalytic poisons removed include

compounds of sulfur, phosphorus, or carbon.

2 0 The corona discharge may also be used to initiate oxidation of residual fuel

or hydrocarbons in the exhaust stream during cold start or misfire conditions, thereby

reducing the amount of residual fuel and hydrocarbons before they reach the catalytic

converter. A controlled amount of air should be introduced into the exhaust stream during

cold start conditions to provide the oxygen required for the combustion of the extra fuel in
2 ^ the exhaust.

In some engines, Exhaust Gas Recirculation ("EGR") is used as part of the

emission control system of the engine. In an EGR system, a portion of the exhaust gas from

the engine is split off from the exhaust stream, added to the precombustion gas stream, and

directed back to the combustion chambers of the engine. This provides several benefits
3 0

e.g., the introduction of exhaust gases into the combustion chamber lowers the combustion

temperature, reducing the production ofNOx . The performance of a catalytic converter

may be improved by producing a corona discharge within the EGR path by means of a
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corona discharge device, or exposing at least a portion of the EGR stream to a corona
discharge. For use within the EGR stream or in other applications where a small amount of
the gas stream is to be treated with the corona discharge, a corona discharge device with one
or more hollow electrodes may be used, such that the hollow electrode acts as a conduit to

5 deliver a portion of the gas stream to the region where the corona discharge is formed.
In a further embodiment, the invention is directed to a method for improving

the life and performance of an oxygen sensor, which is subject to poisoning by sulfur
phosphorus, and carbon, where the oxygen sensor is positioned in the exhaust stream
upstream of a catalytic converter. As in the case of the catalytic converter, the highly

0 reactive radicals produced by the corona device can displace these poisons, thereby
preserving the proper oxygen sensor function. The method comprises producing radicals in
the combustion gas stream using a corona discharge, and introducing the radicals into the
combustion gas stream upstream of the oxygen sensor. The radicals may be formed in the

^ precombustion gas stream, or from water or oxygen in at least a portion of the exhaust gas
from the exhaust gas stream. As described above, a portion of the exhaust gas from the
exhaust gas stream may be diverted to a remote radical generator, where radicals are formed
m the exhaust gas using a corona discharge. The radicals are then introduced into the
exhaust stream at a point upstream of the oxygen sensor.

q

Corona discharge devices useful in the invention also include a compact
corona discharge device, which comprises a first end or base, configured for attachment to a
fitting in an exhaust system to allow exhaust gas from the exhaust system to enter into and
exit from the corona discharge device, a second end, configured to prevent exhaust gas from
leaking from the corona discharge device, preferably in the form of a metal cap, a generally

g

cylindrical outer electrode, electrically and mechanically connected to the first end, an inner
electrode, mounted concentric with, and partially surrounded by the outer electrode and a
dielectric insulator, mounted concentric with, and positioned between the inner and outer
electrodes, forming an air gap between the electrodes, and having a diameter that defines
the corona discharge device diameter, where the inner electrode has a length that is greater

}

than that of the outer electrode to provide a corona region in the air gap near the first end
and a ullage volume in the air gap near the second end. Preferably, each dimension of the
corona discharge device is minimized, such that shunt resistive and capacitive power losses
of the corona discharge are substantially minimized. Preferably, the inner electrode has a

- 10 -
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length that is at least about twice, preferably 4 times, that of the outer electrode and at least
about 4 times, preferably 6 times, that of the diameter of the compact corona discharge
device defined by the dielectric insulator.

A compact corona discharge device in accordance with the invention may
5 further comprise an extended skirt section positioned between the base and the outer

electrode to provide a lower temperature environment for the compact corona discharge
device. To improve heat rejection from the compact corona discharge device, the extended
skirt preferably comprises at least one extended surface to radiate or otherwise remove heat,
and cool the corona discharge device.

The compact corona discharge device may further comprise an orifice, which
may be sonic, in the second end or cap to supply a controlled air flow through the compact
discharge device for cooling. In this embodiment, the base of the compact corona discharge
device is typically attached to a Venturi section in the exhaust system to provide a low
pressure in the device to draw air through the orifice.

To protect the corona discharge device from the hostile environment in

which it operates, and to further control electro-magnetic interference (EMI) due to the
operation of the corona discharge device, the corona discharge device may include a shroud
or protective covering. The shroud may be designed to attach to the power cable or cord by
a threaded connector or by other means. The shroud or protective covering is typically

metal which has the disadvantage of conducting heat to the electrical connector which
attaches to the corona discharge device. To lower the temperature at the electrical

connection where the corona discharge device is connected to a power source, the

cross-sectional area of the shroud is reduced to lower heat conduction while its heat
exchange surface area is increased, such as by the use of fins, to improve heat rejection

through convection, with the shroud simultaneously serving its protective and shielding

functions. One example ofa way to lower temperature at the electrical connector includes
reducing the heat conduction cross-sectional area of the shroud to lower heat conduction.
One method of reducing the cross-sectional heat conduction area is to reduce the thickness

3 q

of the shroud while another method is to create louvers out of the shroud itself which also
reduces the cross-sectional area of heat conduction. These louvers can also simultaneously
act as cooling fins to improve heat rejection through convection.

20

25
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///The energy of one embodiment of the corona discharge device of the
present invention per unit volume of exhaust gas treated (volumetric specific ener*v) is
approximately 1

8 joules per liter of exhaust at idle and 4.5 joules/liter ofexhaust aT
moderate acceleration, e.g., 2000 rom, and 80 Nm, assuming 40 watts of input power are

5 bemg utihzed, and calculating the volume flow under standard atmospheric conditions i e

1 atm pressure and 20°C. When the corona discharge device is positioned in the intake the
flow is twice as great, and the energy density is half that of a unit in the exhaust.

The amount of ozone produced by the device under a controlled atmosphere
is mdicative of the amount ofplasma power produced by the device, and similarly, the
number of radicals produced. Thus, by measuring the ozone produced, the amount of
radicals produced by the device can be determined, and different designs can be rated
according to their ozone output under identical conditions.

15
BRIEF DESCRIPTION OF THE DRAWINGS

Figure
1 is a side perspective view of an internal combustion engine having a

catalytic converter:

Figure 2 is a schematic of an exhaust system incorporating a remote corona
discharge radical generator;

2 0

FigUrS 3 illustrates * ^rona discharge device mounted in an exhaust shunt;
Figure 4 illustrates a gas diverter used with an exhaust gas shunt;

Figure 5 illustrates a cold start gas diverter;

Figure 6 illustrates a corona discharge device having concentric electrodes
and a dielectric coated inner electrode;

2 s
Figure 7 illustrates a corona discharge device having concentric electrodes

and a dielectric coated outer electrode;

Figure 8 illustrates a corona discharge device of the type depicted in Fig. 5
equipped with a flame arrester;

Figure 9 is a cross section of a preferred embodiment of the corona discharge
device of the invention;

30
Figure 10 illustrates a corona discharge device having slots for the exchange

of gas between the corona discharge and the gas stream;
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Figure 1
1

is a corona discharge device having a configuration similar to an
oxygen sensor;

Figure 12 illustrate a corona discharge device having dielectric material
adjacent to both the inner electrode and the inner surface of outer electrode;

Figure 13 illustrates an outer electrode having louvers to enhance the
exchange of gas;

Figure 14 illustrates a compact corona discharge device;

Figure 15 illustrates a compact corona discharge device having an extended
skirt;

1
° FigUre 1

6

illustrates a compact corona discharge device equipped with an
orifice for injecting air;

Figure 17 illustrates a corona discharge device mounted in a manner that
takes advantage of the pumping action of pressure variations in the exhaust gas stream;

15
FigUre 18 iIIus*ates a corona discharge device mounted in conjunction with

a plenum that augments the pumping action ofpressure variations in the exhaust gas stream;
Figure 19 illustrates a cross-section of a corona discharge device which has a

shroud; and

Figure 20 is a cross-section of the corona discharge device ofFigure 23
taken along line A-A;

20
Figure 21 is a metallized electrode;

Figure 22 is a corona discharge device having a metallized electrode;

Figure 23 is a corona discharge device having a two piece ceramic dielectric;

Figure 24 is a tube cage corona discharge device;

2 5

FigUre 25 is a cross-sectional schematic of a tube cage corona discharge
device;

Figure 26 is a cross-section of a distant ground corona discharge device;

Figure 27 is an electric field plot of the corona discharge device of fig. 30;
Figure 28 is a corona discharge device that uses pressure variations outside

3 q

the corona discharge device to cause gases to move into and out of the corona region;

Figure 29 is a further embodiment of the corona discharge device of fig. 32;
Figure 30 is a block diagram of a CDD system comprising a power source;
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Figure 3 1 is a block diagram of a first preferred embodiment of the power
source shown in Figure 30;

Figure 32 is a block diagram of a second preferred embodiment of the power
source shown in Figure 30;

Figure 33 is a block diagram of a preferred embodiment of the regulator of
the power source shown in Figure 32;

Figure 34 is a block diagram of a first preferred embodiment of the inverter
of the power source shown in Figure 32;

FigUre 35 is a block dia^m of a second preferred embodiment of the
inverter of the power source shown in Figure 32;

Figure 36 is a graph that illustrates the optimum conditions for most
transformer characteristics that yield a minimum power loss for a given frequency;

Figure 37 is a block diagram illustrating a power source comprising two
transformers each ofwhich drives a CDD device;

Figure 38 is a hybrid block/flow diagram of a preferred embodiment ofa
first on-board-diagnostic system;

Figure 39 is a block diagram of a first preferred embodiment of a second on-
board-diagnostic system;

2 q

Figure 40 is a block diagram of a second preferred embodiment of the
second on-board-diagnostic system;

Figure 41 ,s a block diagram ofa third preferred embodiment of the second
on-board-diagnostic system;

Figure 42 is a block diagram of a phase shift determining circuit for use with

^ the Hard preferred embodiment of the second on-board-diagnostic system;

Figure 43 to 46 are voltage diagrams that illustrate the operation of the third
preferred embodiment of the second on-board-diagnostic system;

Figure 47 is a block diagram of a preferred embodiment of a third on-board-
diagnostic system;

30
48 iS a bI°Ck dkgram ofa Preferred embodiment of a fourth on-

board-diagnostic system;

Figure 49 is the preferred cable and connector;
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Figure 50 is a corona discharge device and power supply connected by a
cable with a distributed resistor;

Figure 5
1

is a corona discharge device and power supply connected by a
coaxial cable with a resistor on the corona discharge device;

Figure 52 is a cross-sectional schematic of a corona discharge device with a
resistor in the high voltage lead;

Figure 53 is a schematic representation of a typical corona discharge device
before breakdown;

10
FigUre 54 iS a SCh6matic -Presentation of various power supplies for driving

more than one corona discharge device.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
As used herein, the term "precombustion gas stream" refers to the flow of air

or of the air/fuel mixture prior to combustion, and, in vehicular applications, to the
combustion chamber ofan engine. The terms "postcombustion gas stream", "exhaust gas
stream", and "exhaust gas", as used herem, refer to the resulting flow of exhaust gases
followmg combustion, such as from the combustion chamber following combustion of the
-/fuel mixture m an engine. The precombustion and postcombustion gas streams are
collectively referred to as the "combustion gas stream".

In addition, the terms "radical" or "radicals" and "free radical" or "free
ratals" refer to any atom or group of atoms having at least one unpaired electron and no
net electrical charge; i.e., as used herein, these terms refer to electrically neutral species
having equal numbers of electrons and protons.

2 g
As also used herein, the term "continuous operation", as applied to the

operation ofa corona discharge device, refers to producing a corona discharge by applying
an alternating current ("AC") or a pulsed DC current at any frequency to the device without
discontinuing the application of the current for more than about one second As will be
understood by one of ordinary skill in the an, an AC power supply changes polarity at twice
the frequency of the supply, and thus the voltage must go to zero as the polarity changes
As a result, during those short periods when the voltage on the corona discharge device is
below breakdown voltage, no corona discharge is produced. Instead, a series of corona
discharges are produced at twice the power supply frequency. Similarly, with a pulsed DC

30
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power supply, the voltage may drop below the threshold required to produce a corona.

Therefore, it is the continuous production of these corona discharges having alternating

polarities or pulsed DC currents without discontinuing the application of the current for

more than a period of about one second that is regarded herein as continuous operation.

The present invention relates to a method and an apparatus for increasing the

efficiency of a catalyst, such as that used in a catalytic converter, and for the reduction of
the amount ofpollutants, such as carbon monoxide (CO), hydrocarbons (HC), and oxides of
nitrogen (NOJ, in the gas stream produced by the oxidation or combustion of fuel, in a fuel

cell reformer, in effluent gas from manufacturing processes, or other process that produces
10 pollutants in a gas stream. The method and apparatus of the invention are useful with, e.g.,

fuel cell reformers, as well as internal combustion engines, preferably, where equipped with
at least one catalyst or catalytic converter in the exhaust system. Preferably, in vehicular

applications, the method and apparatus of the invention are used with an internal

combustion engine further comprising at least one oxygen sensor upstream of the catalytic
15

converter that allows the fuel injection system of the engine to maintain a stoichiometric

air/fuel ratio. However, the present invention is also useful with non-stoichiometric

engines, such as lean bum engines. Such an oxygen sensor is mounted upstream of the

catalytic converter in virtually all modern automobiles.

In the method of the invention, highly reactive free radicals, such as

hydroxyl radical, OH, hydroperoxyl radical, H02 , atomic hydrogen, H, and atomic oxygen,
O, and related reactive gaseous species, such as hydrogen peroxide, H202 , nitrogen dioxide,
N0

2 ,
and ozone, 03 ,

are produced in or added into the combustion gas stream at any point

'

within the combustion gas stream, including within the combustion chamber of the engine.

^ Preferably, the radicals and/or related gaseous species are produced in or introduced into the
exhaust gas stream, upstream of the outlet of the catalytic converter. The radicals and
related gaseous reactive species enhance the oxidation ofCO and HC to carbon dioxide
(C02) and water (H20), and the reduction ofNOx to molecular nitrogen (N2 ), so that, after

passing through the catalytic converter, the exhaust stream is substantially free of any

^
material other than C02 , H20, N2 , and possibly methane (CHJ.

In accordance with the invention, free radicals and related gaseous molecular
oxidizers are introduced into the combustion gas stream of an engine to reduce pollutants

and contaminants, such as CO, HC, and NO
x . In particular, it has been observed that
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hydroxyl radical, OH, can react rapidly with CO to produce CO,. It has also been observed
that OH m the presence ofoxygen can react rapidly with hydrocarbons (HC) to produce
intermed^ry products, which then react with additional OH to form H20 and CO and
regenerate OH. Therefore, it appears that these reactxons do not consume OH, but, instead
regenerate OH, so that OH acts as a homogeneous catalyst.

In the case of CO, the following reaction steps convert CO to C02 and
regenerate OH:

CO + OH- C02 + H
H + 02

- H0
2

10 NO + H0
2
- N0

2
+ OH,

where the dissociation of hydroperoxyl to hydroxyl occurs by thermal decomposxtion in the
exhaust stream.

In the case of methane as a representative hydrocarbon, a reaction set may be
described by the following steps:

15 CH4 + OH-CH3 + H20
CH, + 02

- CH
302

CH
302 + NO - CH

3
0 + NO,

CH30 + 02 ^ CH20 + H0
2

H0
2 + NO - N0

2 + OH
CH

20 + 0
2
~ H0

2
+ CHO

HO
: +NO- N0

2 + OH
CHO + 02 - CO + H0

2

H0
2 + NO- OH + N0

2

CO + OH - CO, + H
25

H + O, - HO,

Depending upon the HC species, there may be branching reactions. In addition, other free
radical mtermediaries and oxidizers, such as, e.g., O, H, NG

2 ,
H0

2 and H202 , may be

3 Q

Produced, and either enter into the reactions directly or through the products of other
reactions such as:

NO + H0
2
- N0

2
+ OH

O + 02
- 03 , or
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H,02
- 20H

Again, it is particularly important to note that OH is regenerated in the
course of these reactions, and, thus, acts as a catalyst. Moreover, the reaction sequence
proceeds rapidly due to the high reactivity of free radicals and the nature of the free radical

5 reactions.

It has been discovered that the presence ofOH, as well as other free radical
and gaseous molecular intermediates and oxidizers, such as, e.g., O, H, N0

2 , H202 ,
HO„

and 03 ,
in the exhaust gases of a combustion engine, typically, in the presence of oxygen,

provides a highly effective catalytic conversion ofCO and hydrocarbons to non-polluting
gas species, such as, e.g., C0

2 and water vapor. The OH and other related free radical and
gaseous molecular oxidizers created by reaction ofOH with gaseous species in the exhaust
stream act as catalysts independent of or in conjunction with the normal catalytic function
of the catalytic converter.

Thus, the invention employs radicals, such as hydroxyl radical and its

associated reactive species, O, H, N0
2 ,
H202 , H02 , and 03 , to provide a catalytic cycle for

reducing CO and HC outputs of engines to meet present and future Ultra Low Emissions
Vehicle "ULEV" and Low Emissions Vehicle "LEV" standards. Because the OH and other
associated free radicals and gaseous molecular reactive species act as catalysts, relatively
small amounts of radicals need to be injected for several times more CO and hydrocarbons
to be reduced to CO, and H20 in the presence of oxygen in the exhaust gas stream.

The introduction of radicals and related gaseous reactive species into the
combustion gas stream upstream of the outlet of the catalytic converter results in the
catalysis of the oxidation ofCO and HC in the exhaust gas stream, and provides for the

^ rapid removal of those pollutants. The catalytic conversion ofCO to C02 and hydrocarbon
to C02 and H20 by these reactive species occurs on the large washcoat surface in the
catalytic converter, as well as in the gas phase in the exhaust stream. The conversion of CO
and HC to C0

2
and H

20 is substantially completed within a small region near the entrance
of the catalytic converter, and, as a result, the bulk of the precious metal catalytic surface is

3 Q

freed from substantial participation in these competing reactions. The converter's precious
metal sites no longer need to play such a strong role in catalyzing the less reactive
hydrocarbon species, such as methane, ethane, ethene, benzene and formaldehyde, and as a
result, the catalytic activity at the precious metal sites can be directed toward reduction of

20
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nitrogen oxides to nitrogen and other non-polluting gas species. Therefore, because the -

removal ofCO and HC are enhanced by the introduction of radicals with the present

invention, the catalyst may be optimized for maximum NOx reduction. That is the amounts
and distribution of the catalytic materials in the catalytic converter may be adjusted to

5 maximize NOx reduction because the need for the removal ofCO and HC by the catalytic

converter is reduced.

Because the catalytic action of the radicals and related gaseous reactive

species, such as hydroxyl radical, occurs throughout the volume of the exhaust gas, as well
as on the surface of the catalytic converter, the present invention is significantly more
effective than a catalytic converter operating in the conventional manner in reducing the
emission of pollutants. The introduction of these radicals or reactive gaseous species

upstream of the outlet of the catalytic converter also significantly reduces the emission of
nitrogen oxides below the level obtained with conventional methods because the precious
metal sites are freed from the conversion ofCO and HC, and, thus, also allows a reduction
in the amount ofprecious metals in the catalytic converter or the use of less costly metals or
their oxides, while maintaining the reductions in NOx that are obtained with prior art

methods.

In addition, it has been discovered that the generation of radicals and related

gaseous reactive species by a corona discharge in the combustion gas stream, and their

introduction into the exhaust stream upstream of the outlet of the catalytic converter, clean
the catalytic converter by reacting with and removing poisons on the surfaces of the

catalytic converter. Catalyst poisons that are removed by the oxidizing action of these free

radicals and related gaseous reactive species include, but are not limited to, sulfur

^ compounds, such as sulfates and sulfides of the noble metals in the catalyst, SO, and
elemental sulfur, as well as phosphorous compounds, such as phosphides and phosphates of
the noble metals, P0

2 ,
P

203 , and elemental phosphorous, all ofwhich can bind to the

catalytic surface, forming a coating. Similarly, carbon compounds, such as carbon
monoxide, may be adsorbed onto the surface. Once adsorbed onto the surface, the carbon

^
compounds can dissociate into atomic species, resulting in carbonation.

The oxidation of catalytic poisons from the surfaces of the catalytic

converter removes the poisons from the catalytic surfaces so that the efficiency of the

catalyst is improved, allowing the effective use of a catalyst bed having a smaller volume

20

- 19



WO 00/50743 PCT/USOO/04783

than that used in a typical catalytic converter today. Therefore the introduction of free

radicals and related gaseous reactive species by means of a corona generator has two

independent effects that reduce the emission ofpollutants. First, the catalytic action of the
radicals and related gaseous reactive species directly removes pollutants from the exhaust

5 gas stream. In addition, the removal of all or some of the poisons on the catalyst bed
surfaces, in particular, the surfaces of the noble metals, improves the efficiency of the

removal ofpollutants, NOx in particular, by the catalytic converter.

Poisoning of catalysts by sulfur has been a particular problem with vehicular

catalytic converters because of the sulfur content of automotive fuels. As discussed above,
10 catalytic poisons, such as, e.g., sulfur and sulfur compounds, can bind to catalytic sites of a

catalyst, reducing the efficiency of the catalyst, and, in vehicular applications, resulting in

an increase in emission of pollutants, such as CO, HC, and NOx . As the sulfur content of a

fuel increases, the emission ofpollutants by a vehicle also increases, eventually reaching a

steady state level for a given fuel sulfur content. It is believed that this is the result of a
15 dynamic equilibrium that controls the number of catalytic sites, that are poisoned. When a

clean catalyst is first exposed to the exhaust from the combustion of fuel containing sulfur,

all of the catalytic sites are available for poisoning. As a result, the rate at which catalytic

sites are initially poisoned is rapid, reducing the number of sites available for the removal of
pollutants, and causing an increase in emissions. However, as soon as any catalytic sites are20
poisoned, processes that cause the desorption ofsome of the adsorbed sulfur compounds
start to occur. As the number of sites that are poisoned increases, the rate ofadsorption
decreases, and the rate of desorption increases, until the desorption rate equals the rate at

which catalytic sites are poisoned. At this point, a steady state dynamic equilibrium is

reached, and the number of poisoned catalytic sites and amount of pollutants emitted

stabilize at a constant value.

Typically, with the prior art, converting back to a sulfur free fuel does not

result in a substantial decrease to the level of pollutants emitted before the catalyst was
poisoned. That is, a certain amount of the poisoning appeared to be permanent, resulting in

^
a higher emission of pollutants than that of a catalyst that was never poisoned. Typically,

even when the catalyst is subjected to high temperature regeneration, i.e., operation at a

temperature of up to about 700°C, under such rich conditions, the emissions remain higher
than those emitted before the catalyst was poisoned.
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30

In contrast, where radicals are introduced into the gas stream that passes
through the catalyst using the apparatus and method of the invention, the amounts of
pollutants emitted are significantly reduced in all modes of operation. Reductions in the

emissions ofpollutants are obtained with both sulfur free fuel and fuel containing sulfur.
5 With the method and apparatus of the invention, deleterious effects of sulfur and other

poisons are more readily and to a greater extent reversed under normal operating conditions.

In addition, by exposing at least a portion of the exhaust gas to a corona
discharge produced by means of a corona discharge device, the temperature at which a
catalyst reaches the "light off temperature, typically defined as 50 percent conversion

10 efficiency, is significantly lower for the removal ofHQ CO and NO
x than the temperature

required without a corona discharge device. Typically, there is a delay time during cold
start before a catalyst becomes effective, as the catalyst must reach a certain temperature
before it is able to remove pollutants. One approach being considered for rapidly increasing

^ the temperature of a catalyst during cold start is retarded timing, as disclosed in U.S. Patent
15 No. 5,878,567, but which can cause the engine to operate roughly due to partial or total

misfires. However, if the timing is retarded in only a fraction of the cylinders, e.g., two
cylinders in a V-6 or four in a V-8, while maintaining the remainder at optimal timing, a
rapid temperature rise in the exhaust is possible, while maintaining smooth operation. It

^
^

should be noted that the retarded cylinders do not have to be the same and can be varied to

maintain uniform value and cylinder temperatures across the engine.

The temperature of the catalyst can also be rapidly increased during cold
start by using air pumps to add additional air to the exhaust stream to aid in the light-off of
the catalyst. This may also be accomplished by reducing fuel to certain cylinders, e.g., two

^
cylinders in a V-6, such that a certain amount of extra air is passed through the engine and
to the exhaust system. The cylinders having reduced fuel can also be those where the spark
is retarded. In this way some cylinders during cold start will be operated extra lean and
with retarded timing.

It is also believed that improved catalyst performance will be obtained by
preconditioning the catalyst with radicals before the catalyst is put into use. The catalyst

may be preconditioned by passing a gas containing radicals formed with a corona discharge
device over or through the catalyst prior to each occurrence of the combustion of fuel, e.g.,

before the engine is started in a vehicular application. The gas containing radicals may be'
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any gas that „„, form radlcals whm exposed (o ,^ ^
gases .nclude, bu, are no. Umited ,o, air, humidified air, a simulated exl,aus« gas, actual

=

exhaust gas, and a staled foe, eel, feed gas. Typjca ,ly>^^ ^ ^^
temperature during preconditioning, but may be maintamed a. any temperature between
about -20 and about ,000°C or ,he maximum allowaWe catelys( ^ ^
automotive application, the corona discharge device wi„ be turned on to produce radicals inwhatever gas ,s present before the engine is started. Then, a, the engine is started me
movement of the gas in the combustion gas stream caused by the rotation of the engtne by
the starter will force the radicals into the catalvcr r«„i t -

i o
me cataIyst- resulting m a preconditioning ofthe

catalyst.

Refem
'

ngtoFi8'- atn' i'=a''=onflguration f„r a modemaut„m„biIee„gir,eU hav.„g a catalytic converter ,3 is i„„strated. The cataiytic converter .3 is positioned a,
the underbody ofme automobUe (not shown),M „ situated ,n the exhaust gas stream 18from me engine, in the exhaust pipe 12 downstream from the exhaust manifoid 15, and
before the muffler ,7. Although this is the configuration commonly used today, i, shouldbe noted that a growing number ofautomobiles are being produced with Cosely coupled
catalyseconverters mat are positioned closer to the engme than shown in P,g. ,, such that

cata *,c converter is adjacen. to or par, of the exhaust manifold of the engine, in most—lea produced today, an oxygen sensot 14 is positioned in the exhaust system jus,upstream of the catalytic converter ,3. Data from me oxygen sensor U are used by the
electronic controller of ,he fuel injection sys,em ,„ maintain a stoichiometric air/fuel ratio
Often

, second oxyge„ sensor 16 is located jus. downstream of the catalytic convener to

'

prov.de additional da«a for .he fue, injection controller and the onboard diagnostics of .he

5

includ j

C°nVerte
" for use in the present invention,m udes any dev.ee which is pr„v,ded for treating exhaust gases from the combustion of a

fuel, such as, for example, gasoline, gasoline-based formulations, diese, fuel, alcohol
neural p,^ arty o.her fuel, where a catalytic converter can be used ,„ reduce at leas, one

(

oil ,a„, from combustion, such as, for example, CO, HC, and/or NO,, including, bu. „o.l.m.,ed ,o, a three way catalyst ("TWC") typically used „ today', modem automobile
engines.
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The catalytic converter 13 therefore comprises any device that catalyticallv
removes or participates in the removal of at least one pollutant from an exhaust stream
generated by homing a fuel, including, but not limited to, those with monolithic or granular
ceraxmc substrates, metallic substrates, or substrates of any kind, and devices with noble

5 metals or any other type of catalytic material. It would also include, without limitation
devices having semiconductor catalysts, such as oxides or sulfides of transition elements
and dev,ces having ceramic-type catalysts, such as alumina, silica-alumma, and zeolites

'

individually, in combination with each other and oxygen storage media such as cerium

'

oxide or in combination with metal catalysts.

In one embodiment of the invention, reactive radicals and related gaseous
reactive species are introduced into the exhaust stream upstream of the outlet of the catalytic
converter, and, preferably, as shown in Fig. 1, upstream of the oxygen sensor 14, which is
installed m almost all modem cars and light trucks, at point 19. Typically, hydroxyl
radicals, OH, and atomic hydrogen, H, are produced from gaseous species, such as water
vapor, in the exhaust gas of the engine by an electrical corona discharge. Similarly the
corona discharge may also produce atomic oxygen, O, from oxygen, Q

2 , in the exhaust gas
Typically, these radical species then react with other gaseous species in the exhaust stream
to form other reactive species, such as N0

2 , H202 , H02 , and 03
.

2 q

The exhaust gas used to produce the free radicals may be taken from the
downstream end of the catalytic converter by diverting a portion of the downstream exhaust
to a radical generator, and introducing the output of the radical generator into the exhaust
upstream of the outlet of the catalytic converter, as shown schematically in Fig. 2. By
operating the corona discharge device in exhaust gas taken from the downstream end of the

2 s

catalytic converter, the corona operates in a cleaner environment, substantially free from the
pollutants removed by the action of the catalytic converter and the reactive radicals and
related gaseous species, which are produced by the discharge, and introduced upstream of
the outlet of the catalytic converter. This results in an improved discharge device lifetime
and substantially eliminates fouling problems that may occur when the corona discharge

'

device is positioned upstream of the outlet of the catalytic converter. However, when used
upstream, the corona discharge itself should naturally reduce or eliminate contamination of

30

the device
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As shown in Fig. 2, a portion ofm5 cIeaMd
passed mrough the ca,aiy«ic converter 13 „ taksn from the_ exhaus( ^«
drvertetHo ,he remo.e corona^ radicalm^ ^ P •

orona d.scharge rudica, generator* „„ wift^ ^
<he corona on Ore exhaus, gas 2I , and is introduced Into me^ ~~ of the oufet of ,he cataiytic„ 13 . Preferab[y

, „ ^«
as «* found on mos, modern cars and llgh« h^s, is posItioned jn^— ofme catalytic converter ,3, bu, downstream of- poin, .5 where , ^"

10
toe^xhauTt

'ntr°^UCe
^ ^ exnaust stream. However, because of the higher pressures in

d,rec, mjecon of the output of a remote generator ,n,o the exhaust gas stream
Drrect, in sUu production of free radicals by the action ofa corona dischargeon water vapor and oxygen i„ me exhaust stream is the most preferred method. Pref^

» ou ,rdsn reactive «~ «—— tou ,e. of the cataiync converter by a corona discharge device, piaced in either he main

.
—^ 5".^ ^t-J

Hg. 3. As shown in Fig. 3, a corona discharge device in i„ „„
in mount 12 Tl, h -

mounted ,n an exhaust shunt 31n mount 32 Thc exhaus, snuM 3 ,^ ^^^^
a secuon of the exhaus, pipe , 2, by exiting the exhaus, pipe n a, a firs, poin, 3S typTupstream of the ca,a,y,ie converterU and r,e»,eri„g the exhaus, pipe a a secondpi 3^

w,U preferably mch.de a reslncfve orifice 33 or other device in,o ,he shun, ,o regulate orcontro, me exhaus, gas flow rate. Such a shun, pa,h is useful m tha, i, al,owsJ^ n

^ dtscharge dev,ce ,„ be operated in a iower temperature environmen, man ma, of the laus,Sas .ream. PreferaMy, ,he hea, reject™ of ,he shun, pam is improved by provid „g 1ncreased surface area wi,h, e.g., eooiing fins 34 or simiiar devices
A lower temperature environmen, simplifies ,he design and choice ofnratenafs f tne corona^^ ^^^^

3 o
P^opernes of ,he device during high ,emper.,ure operation and i,s .herma, design Th,s is7? — « -I-, and dielecric consil, o I-enais m me corona discharge device change wi«h mcreasing ,empera,„res. xTUge,n mese propert.es ma, occurs a, high temperatures can senously degrade me
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the corona discharge device, decreasing the production of free radicals, and, thus, increasing

the emission of pollutants. Where a corona discharge device is operated in a high

temperature environment, the choice of materials is limited to those that experience a

limited change in electrical properties with increasing temperatures. However, where the

5 corona discharge device is operated in a lower temperature environment, such as that of a
shunt path, other, less expensive materials that possess the desired electrical properties at

lower temperatures, but lack the desired properties at high temperature may be used.

Operation at lower temperatures also reduces or eliminates problems related

to a mismatch in the thermal coefficient of expansion of materials in the corona discharge
10 device, its support, and the exhaust pipe. This reduces or eliminates strain induced material

and seal failures, as well as failures caused by the numerous thermal cycles the corona
discharge device will experience during the lifetime of the engine.

The free radicals may also be produced in the precombustion gas stream by a
corona discharge upstream of the point that the air and fuel are mixed, such as in the intake

15 manifold of an engine equipped with a port fuel injection system. A drawback of the

production or injection of the reactive species in the intake manifold is that a significant

fraction of the highly chemically active species may be destroyed in the combustion
process, and only those active species that reside in the crevice regions and at the walls of
the combustion chamber can effectively survive, and enter into the exhaust gas stream
where they are useful in oxidizing CO and HC. In contrast, generators that inject free

radical and gaseous molecular oxidizers directly into or which create these species in the

exhaust (postcombustion) gas stream can more effectively deliver the active species into the
exhaust stream where CO and HC need to be oxidized. Thus, the relative amount of

^
radicals that must be produced to provide a given amount of radicals at the catalytic

converter is significantly smaller when the reactive species are produced in or introduced
into the exhaust gas stream than the amount required for other methods. This directly

translates into proportionally lower electrical input demands for the radical generator.

The corona discharge device of the invention may also be positioned within

^ q

the combustion chambers of an engine, such that intake air entering the combustion
chamber is exposed to the corona discharge during the intake stroke and/or exhaust gas
passing from the combustion chamber to the exhaust port is exposed to the corona discharge
during the exhaust stroke of the engine. In one embodiment, the corona discharge device is
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placed adjacent to the exhaust port of the combustion chamber, so that, during the exhaust
stroke, the corona discharge device is directly in the path of the exhaust gas produced
during combustion of the fuel as the exhaust exits from the combustion chamber. In this

embodiment, as in other embodiments, the operation of the corona discharge device need
5 not be continuous. Instead, the operation of the corona discharge device may be timed to

start and stop or increase or decrease power level at particular times during the operation of
the engine. For example, in a spark ignition engine, the operation of the corona discharge
device may be timed to begin operation at any time from shortly before the firing of the

spark plug and to after the end of the exhaust stroke, but, preferably, before the next intake
10 stroke begins. The timing of the operation of corona discharge device within a combustion

chamber may be controlled with the same circuitry that controls the firing of the spark plug.
In a further embodiment, the corona discharge device of the invention may be used in plad
of the spark plug. As will be readily understood by one of ordinary skill in the art, the

timing of a corona discharge positioned within the combustion chamber of a spark ignition
engine must be carefully adjusted to prevent detonation or "pinging", which, when severe,
can cause damage to the engine.

In a compression ignition engine, such as a diesel engine, or in a continuous
combustion engine, such as a gas turbine, a corona discharge device positioned within the

combustion chamber may also be timed to operate at particular points or times in the

operating cycle of the engine. Alternatively, the corona discharge device may also operate
continuously in these applications. Furthermore, the corona discharge device of the

invention may also be used as a "glow plug" to help in the cold start and operation of such
engines. Operating a corona discharge device within the combustion chamber of a

^ ^
compression ignition engine for a period oftime before the engine is started will increase
the temperature of the combustion chamber, and assist in the ignition of the fuel in the cold
engine when it is started. Similarly, continuous combustion engines often require a glow
plug to ignite the air-fuel mixture entering the combustion chamber of the engine. The
corona discharge device of the invention may also function in this manner in addition to

introducing radicals into the combustion gas stream of the engine,

In a further embodiment, a corona discharge device may be placed in each of
the exhaust ports of the engine, just downstream of the combustion chamber. In this

20
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embodiment the pumping effects of the exhaust pulses, as described above, are maximized
msunng maximum exposure of the exhaust gas to the corona discharge.

A corona discharge device for use with the invention should preferably be
capable of functioning for up to about 5,000 in the high temperature environment of the
exhaust stream of an internal combustion engine before replacement is required. Because of
space limitations in modern automobiles, it is preferred that the corona discharge device
have a small physical volume, i.e., on the order of the size of a typical spark plug, and a
power supply for each corona discharge device that is no larger than about 1,500 cubic cm
preferably no larger than about 300 to about 400 cubic cm, and most preferably
significantly smaller. In certain embodiments, m addition to operatmg at a temperature of at
least about 850°C, with extremes of 1,000 to 1,100°C, the corona discharge device must
meet automotive electromagnetic interference (EMI) requirements, be readily replaceable
and be capable of withstanding thousands of thermal swings of about 800°C during start-up

is

and cool down of the englne
,
as well as several million smaller thermal transients m winch

the change m temperature is on the order of about 200 °C.

It is preferred that the power supplied to the corona discharge device operate
at a hlgh frequency, high voltage, the preferred range being from about 1,000 to about
1,000,000 Hz and from about 5,000 to about 30,000 V peak-to-peak. Most preferably the
frequency will be from about 10 to about in t-w^ ™a *u h.

2 0
1 30 mz

'
311(1 the voltage from about 1 0,000 to

about 25,000 volts peak-to-peak. However, under some transient operating conditions, such
as engme cold or warm starts, more radical production may be desired. In this case the
corona device system may be operated at higher power levels than normally used, such as
up to about 1,000 watts for short periods of time. This transient power condition can be met

^
bymcrea-ng the frequency or voltage or both to the corona device by a factor of 5 to lOfor
such penods, which may range from about 30 to about 100 sec. This can be accomplished
through proper corona unit high voltage power system design, and the use of control signals
from the engine controller or local startup temperature readings.

It is also anticipated that, during cold start operation, it may be desirable to

q

expose a greater amount of the exhaust stream to the corona discharge produced by the
corona discharge device. This may be accomplished by placing a cold start gas diverter 171
mto the gas stream, as shown in Figs. 4 and 5. This diverter 171 may be a simple flap m the
exhaust stream that is positioned to divert a greater flow of gas through the corona
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discharge device when the exhaust system is cold. The diverter 171 may be controlled by

electric servos or vacuum actuators and a temperature sensor. However, the diverter 171

may be most easily positioned by using a strip ofbimetallic material. As the temperature of

the exhaust system increases, one side of the bimetallic material will expand more than the

5 other, causing the diverter 171 to open, as shown by the arrows in Figs. 4 and 5, allowing

more of the exhaust gas to pass through the main part of the exhaust pipe. Similarly, where

a shunt 31 is used, such as that illustrated in Figs. 3 and 5, the diverter 171 can be used to

force a major portion of the exhaust gas through the shunt during cold start, but allow most

of the gas to pass through the main pipe during normal operating conditions.

10 Furthermore, during certain portions of the cycle, e.g., where the engine is

cold, it would be desirable to increase power to the corona discharge device to increase

radical production, and, also, to increase thermal heating of the catalyst. This helps the

catalyst to light offmore rapidly. Moreover, a catalytic material may be added to the

surface of at least one of the inner electrode, the outer electrode and the dielectric to
15 promote reactions in and about the corona discharge device.

Corona discharge devices useful in the invention include, but are not limited

to, those having generally cylindrical symmetry and, in most cases, at least two concentric

electrodes. Other useful configurations include parallel planer electrodes. At least three

general design alternatives for corona discharge devices that have generally cylindrical

symmetry exist. Three general design alternatives are illustrated in Figs. 6 and 7. Fig. 6 is

a cross-section of a cylindrical corona discharge device 40 having concentric cylindrical

electrodes inner electrode 41 and outer electrode 42. The device 40 typically includes a

ferrule 44 in the base 47, which provides a gas seal, and threads 46 or other means for

mounting the device 40 in the exhaust pipe 12 or shunt 31. The inner electrode 41 is
25

surrounded by a dielectric layer 43, which prevents breakdown, and maintains the corona

discharge. It is important for the overall efficiency of the device to have the predominant

voltage across the "air" gap 45 of the device. Because the dielectric layer 43 in the corona

discharge device shown in Fig. 6 is located in a region where high electric fields occur, the

dielectric constant of the layer should be in the range of from about 4 to about 10 to limit

the voltage drop across the dielectric layer. As a result, most of the voltage is across the

"air" gap of the corona discharge device, and the efficiency of the device is maintained.
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other securing device, such as a spring clamp, may then be placed over the corona discharge

device and screwed into place on a mounting to hold the corona discharge device in place.

To reduce electrical noise, which could otherwise interfere with the

electronics of the vehicle, an added resistor may be placed in series between the power

5 supply, preferably as described below and near the corona discharge, and the inner

electrode. Also, the power supply may be attached directly to or integrated with the corona

discharge device, thereby eliminating or reducing the need for a power cable to carry the

high frequency electrical power to the corona discharge device.

As discussed above, the resistive and capacitive shunt losses of the dielectric

0 layer used to provide an insulating support between the two electrodes of a corona discharge

device are a major consideration in the design of such a device. Any reduction in shunt

capacitance allows operation of the discharge at higher frequencies at a given capacitive

power loss, and, according to basic design principles for a corona device having a power

output proportional to the frequency of the applied voltage, would allow a more compact

5
design. A more compact design is advantageous in that it allows the use of a smaller corona

gap, which, in turn, results in a lower breakdown voltage across the gap, and, thus, allows

the use of a lower operating voltage. The lower operating voltage results in lower resistive

and capacitive losses, increasing the efficiency of the corona discharge device. The smaller,

more efficient corona discharge device will thus require a smaller power supply, which is a

0
major advantage in modern vehicles where space is at a premium.

A representative design for such a compact corona discharge device is shown

in Fig. 14. Fig. 14 illustrates the physical components of an efficient compact corona

discharge device 80, as well as the important device operating and device design regions.

The illustration, as well as the dimensions given below, is merely representative of a generic

5
design, and one of ordinary skill in the art will recognize that many variants that fall within

the scope of the general design principles illustrated and discussed here.

The key features of the embodiment illustrated in Fig. 14 include a long,

thin-walled dielectric insulator 81 that, along with the proper selection of materials,

provides a path of high resistance between the inner 82 and outer 83 electrodes that are

supported by the insulator 81. A thin metal cap 84 is provided as a gas seal. The inner

electrode 82 is typically substantially longer than the outer electrode 83, having a length

that is at least about twice that of the outer electrode 83, and, preferably, at least, about 4
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times the length of the outer electrode 83. The outer electrode 83 is mechanically and

electrically connected to the base 85 of the compact corona discharge device 80, where the

base includes threads 86 or other similar mounting means to mount the device 80, such that

exhaust gases may enter into the air gap 89. As a result of the difference in the length of the

5 inner and outer electrodes 82 and 83, the air gap 89 is divided into a corona discharge

region 87, i.e., that part of the air gap 89 where the inner and outer electrodes overlap, and a

ullage volume 88, i.e., that portion of the air gap 89 that extends from the outer electrode 83

to the metal cap 84.

A typical compact discharge device 80 may have an outer electrode 83 with a
10 length of about 1 to about 2 cm, preferably about 1 .5 cm, and an inner electrode 82 with, a

length of about 4 to about 8 cm, preferably about 5 to about 7 cm, most preferably about 6

cm. The dielectric insulator 81 of such a device can be constructed from a ceramic material

such as Fosterite or alumina, and will have a diameter of about 0.7 to about 1.3 cm,

preferably about 1 cm, a length of about 3 to about 5 cm, preferably about 4 cm, and a
15

thickness of about 0.1 to about 0.2 cm, preferably about 0.15 cm, can be used at a

temperature of up to about 900°C with resistive power losses of less than about 10 percent

at a operating voltage of greater than about 5,000 V. In a relatively low temperature

environment, such as that in an exhaust shunt, and because of the temperature variation

along the ceramic dielectric insulator 81, an even higher operating voltage is possible, while
0

maintaining an acceptable power loss. A corona discharge device system of this compact

design would preferably operate with about 10 to about 25 W ofcontinuous power
operating at a frequency of about 15 kHz. However, under some transient operating

conditions, such as engine cold or warm starts, more radical production may be desired. In

this case, the corona device would require operation at higher power levels of up to 200 to

300 watts for a short period of time. This transient power condition can be met by
increasing the frequency or voltage or both to the corona device by a factor of 5 to 10 for

such periods, which typically range from about 30 to 100 sec. This can be accomplished

through proper corona unit high voltage power system design and the use of control signals

from the engine controller or local startup temperature readings. The long insulating path

and thin walls of the insulator 81, minimize the capacitive shunt losses to less than about

10%, even for insulators having a dielectric constant ofmore than 10 at operating

25

30
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frequencies on the order of about 100 kHz. Such a high operating frequency allows the use

of a very compact high voltage power supply.

As discussed above, the expression for the power dissipation in a corona is

given by

5 P = 4Cd-VI
-f{V

0 -((Cd + Cg
)/Cd

)-V,},

where Cd
and C

g
are respectively the capacitance of the dielectric and the gap in the corona

region, V
s
and VD are respectively the spark breakdown voltage of the gap and the applied

peak voltage to the corona device, and f is the frequency of the voltage applied to the

device. Taking values of these quantities as V0
= 5,000 V, V

s
= 3,000 V, Cd

= 6 x 10" 12

10 farad, C
g
= 1 x 10" 12

farad; then at a frequency of 3 x 10
5
Hz, the power in the corona is

about 27 W. The output can be scaled by frequency, applied voltage, or dielectric

capacitance, e.g., by increasing the length of the corona discharge region. The output can

be controlled by the frequency and/or voltage of the corona device power source.

The spark breakdown voltage is almost directly proportional to the density of

15
the exhaust gas in the corona gap region, which is almost directly proportional to the

temperature in the gap region. This breakdown voltage will vary in proportion to the

temperature of the gas in the corona unit, and, therefore, its operating temperature. If, for

example, the design were such that the gas temperature in the corona unit were half of the

exhaust temperature, then the lower breakdown voltage would increase to 6,000V.

2 0
Figs. 15 and 16 show two design variants on the above design. In Fig. 15 the

skirt section 91 is lengthened and extended surfaces 92 are employed to augment heat

exchange to the ambient environment. The longer conduction path along with the heat

exchangers provide for cooler operation of the dielectric material 81 in particular, thus

providing for a wider selection of materials or better performance for this application with

25
satisfactory resistance and capacitance at the resulting operating temperature. It has also

been observed in tests that the injection of small amounts of air (<10 cc/sec) upstream of the

engine side oxygen sensor results in no perceptible adverse engine performance or

engine/catalyst emission performance. In Fig. 16 a pumping action is provided by the low

pressure produced in a Venturi section 95 added to the exhaust system 96. This low
3 0

pressure in conjunction with the orifice 97 in the metal cap 84 of the compact corona

discharge device 80 provides for an air flow of less than about 10 cc/sec, which limits the
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temperature, which cools the ceramic dielectric section of the corona device, and aids in the

injection of radicals generated in the corona discharge.

Under normal operating conditions, the engine produces exhaust gas pressure

oscillations having a frequency of about 30 to about 100 Hz and a peak to peak variation of

5 about 20 to about 80%, depending upon the location in the exhaust system. These pressure

oscillations in conjunction with the ullage volume 88 provide an effective, continuous

pumping action of the radicals and other species produced in the corona discharge into the

exhaust stream. The pumping effect of the exhaust gas pumping oscillations may be used

with any of the corona discharge devices described above, such as in Fig. 17, where the

10 discharge device 110 is installed on a simple "T" 113 off the side of the exhaust pipe 112 at

a point on the exhaust pipe 112 where the oscillations occur. The pumping effect and the

total gas motion can be augmented with a plenum 114 as shown in Fig. 18. In addition,

cooling fins 116 may be added to lower the operating temperature for the discharge device

110. As noted above, a cooler operating environment improves the efficiency of the corona

15 discharge.

Figs. 19 and 20 show another embodiment of a compact discharge device

172 which includes a shroud or cover 175 which protects the compact discharge from its

hostile environment, and further controls electro-magnetic interference (EMI) due to

operation of the corona discharge device. Shroud 175 is typically metal such as for example

2 0
stainless steel, and covers the outside of the corona discharge device and is in electrical and

physical contact with outer or ground electrode 176. Outer electrode 176 optionally may

include slots 162 and louvers 163 as described above in connection with Fig. 13. Compact

discharge device 170 includes a center electrode 174 with dielectric layer 173 and a gap 177

between the dielectric layer 173 and outer electrode 176 at the end 171. The corona

2 5
discharge device 172 also may include a second dielectric layer as illustrated in Fig. 12 or

dielectric layer 173 optionally may be included on outer electrode 176 as opposed to center

electrode 174 as shown in Fig. 19. End 171 may be open as illustrated in Fig. 19 or closed

as shown in Fig. 9. The corona discharge device 172 optionally may include threads 188 or

other means for mounting the device.

3 0
Shroud or cover 175 also may include threads 178 or other means for making

electrical connection to a power source. A gap 179 may be provided under threads 178

where the electrical connection is made in order to accommodate an insulator (not shown)
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which is part of the electrical connector (not shown). While shroud or cover 175 protects

the corona discharge device from its environment which includes vibration, impact, high

temperatures, rapid temperature change, and environmental elements such as for example,

dirt, water, salt, etc., if constructed of metal or other materials which are conductors of heat,

the electrical connection will be subjected to high temperatures which may be detrimental.

In order to protect the electrical connector from high temperatures the shroud

or cover 175 should be made as thin as possible since heat traveling by conduction through

the shroud is a function of its cross-sectional area. In addition, the surface area of the

shroud or cover 175 should be increased to increase heat rejection through convection.

Optional cooling fins as illustrated in Fig. 15 may be included on the shroud. It has been

found that one exemplary way to lower the temperature at the electrical connector is to

create louvers 180 out of and gaps 181 in the thin shroud or cover 175 by cutting the shroud

and bending portions of it out to create extending louvers. Holes or gaps 181 also could be

formed in the shroud with pieces of material connected at the gap edges to form the louvers

180. In this manner, there is less cross-sectional area for heat conduction through the

shroud to the electrical connector because of the gaps and at the same time the louvers

increase the surface area by acting as cooling fins which increase heat rejection through

convection. When creating louvers in the shroud of the corona discharge device care should

be taken to minimize the distance x J
that the louvers extend so as to control

electro-magnetic interference (EMI). It is contemplated that the shroud 175, with or

without the gaps or louvers, can be incorporated into corona discharge device embodiments

other than as illustrated in Figs. 19 and 20.

Preferably, the temperature of the upper part of the corona discharge is

minimized, where 'the upper part* refers to that part of a corona discharge device that is not

positioned within the gas stream, such as that found within a vehicle exhaust pipe. Due to

constraints on the cable material used to provide power to the corona discharge device, the

temperature of the corona discharge device where the power cable is connected is preferably

less than about 225 °C.

Fig. 21 illustrates a metallized dielectric 50 that lowers the temperature of

the upper part of a corona discharge device. The electrode 51 is formed by metallizing, i.e.,

applying a thin layer of metal 52, to the inner surface 53 of the dielectric 54. An example of

a corona discharge device using a metallized dielectric as the high voltage electrode is
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illustrated in Fig. 22. The corona discharge device 55 illustrated in Fig. 2? comprises a
internally metallized hollow ceramic inner electrode 56 in electrical contact with a high
voltage lead 57 and a grounded outer electrode 58.

Metallization provides several benefits both thermally and electrically The
metalhzation has a larger thermal resistance than either rod or tubular electrodes It also
prevents air gaps between the internal electrode and surrounding dielectric. The corona that
forms m this region is parasitic in nature, since it does not produce radicals in the exhaust
The metallization reduces the need for hIghly accurate tolerances for these air gaps
lowering the system cost. Being a thin layer, the radial expansion of the metallization layer
is minor, and the difference in expansion between the layer and the dielectric is small This
mimmizes the mechanical stress on the ceramic in the radial direction.

In addition, metallization can also lower the material cost of the corona
dxscharge device by allowing a shorter electrode to be used, and allows for an easier
connection from the cable to the center of the dielectric, since the electrode need only touch
the metallization at one point.

Fig. 23 illustrates a corona discharge device 60 having a two piece ceramic
construction that can also be used to increase the thermal resistance of the corona discharge
devrce. The two piece construction comprises a lowerpiece of dielectric 61 and a second

2 q

upper piece of dielectric 62. The lower piece of dielectric 61 is exposed to the exHaust gas
and 1S typically formed from a hxgh quality alumina, having the electrical characteristics
reqmred for temperatures on the order of 850°C. The second, upper piece of dielectnc 62
has a low thermal conductivity and the necessary electrical and thermal expansion
properties for proper corona discharge device operation, and is positioned above the lower

^ Piece of dielectric 61. A material such as L5 or L6 steatite that has a thermal conductivity
that is a factor often lower than that of the lowerpiece of dielectric 61, but a similar
coefficient of thermal expansion and good electrical properties to 600°C, is preferable for
the upper piece of dielectric 62.

The factor of ten lower thermal conductivity of the steatite is a major

3 q

advantage. The ceramic acts as a thermal barrier, trapping the heat below itself and
assuming the alumina has good contact to a convecting surface, the temperature of the upper
area of the steatite will be lowered consxderably. The pieces of alumina and steatite can be
attached through a ceramic adhesive, or by S1mP ly pressing them together m a geometry that
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minimizes the probability of surface tracking. The adhesive is preferred for strength and
durability, but pressing is more cost effective.

Figs. 24 and 25 illustrate a further embodiment of the corona discharge
device of the invention, a "tube cage" corona discharge device 65 that comprises a central

5 electrode 66, surrounded by two or more dielectric tubes 67 comprising a grounded
electrode 68 within a dielectric 69. This provides a field strength at the high voltage
electrode that is extremely high, and, thus, the voltage necessary for gap breakdown is

substantially lower than that required in other designs. The lower voltage improves the
efficiency and durability of the corona discharge device and the power supply. As shown in10 Fig. 24 for the purpose of illustration, central electrode 66 of the "tube cage" corona
discharge device is surrounded by eight dielectric tubes 67, as described above. However,
any practical number of dielectric tubes can be used. Although, as described above, a high
voltage AC signal is typically applied to central electrode 66, while the other electrodes 67
are grounded, this arrangement may be reversed without loss of function.

When a proper voltage is applied, a dielectric barrier discharge is initiated

between the central electrode 66 and at least one of the grounded dielectric tubes 67. The
gaps between the tubes allows for gas flow to efficiently sweep the radicals out of the

discharge region and into the flow of the gas stream, and, thus, the device is an efficient

injector of radicals into a flow.

The tube ca§e desi'Sn Provides several advantages over other designs. First,

the size of the central electrode can be reduced compared to other designs, enhancing the

'

electric field at its surface, such that a discharge will be initiated at a lower applied voltage,
improving the efficiency of the system. Because the dielectric barriers have a relatively

^ large diameter, the field strength across them will be less for the same thickness, and, thus,
either higher powers can be achieved with higher voltages, or lower cost can be obtained
using thinner tubes. The tubular design also covers the ground electrode fully, minimizing
the chance of sparkover from the high voltage center electrode to the ground electrode. In
addition, the tubular design for the outside dielectrics reduces the total amount of material
necessary for the system, and is relatively easy to construct

It is also possible to generate a discharge along a dielectric surface, even in
the absence of a nearby ground plane. In a coaxial situation corona discharge device, the
field along the dielectric surface, coaxial to the high potential electrode, is often high
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enough to initiate breakdown. A dielectric with a high dielectric constant is preferred to
maximize the field strength at the surface.

An example ofsuch a distant ground corona discharge device 70, which is

less expensive because one less component is required, is illustrated in cross-section in Fig
5 26. The corona discharge device illustrated in Fig. 26 differs from other corona discharge^

devices in that an external ground electrode that extends into the gas flow is not present
The dzstant ground corona discharge device comprises a high voltage electrode 71 that is

separated from a ground electrode 72 by a dielectric 73. As a result, the ground electrode
72 does not extend into the gas flow, there is highly efficient gas exchange, i e" approaching 100 percent, as there is no cup to block the exchange of radicals with the gas
flow, and the field across the dielectric is minimized, thereby reducing the possibility of
dielectric breakdown. In addition, no streamer filaments form, due to the more uniform
nature of the field along the surface. This prevents both localized overheating of the
dielectric surface, as well as overheating of the gas itself. The latter sometimes results in
poor efficiency in the generation of radicals.

A distant ground corona discharge device can have a steep power vs
temperature slope, which is advantageous where an application requires more radicals at the
higher temperatures typically associated with higher flows, which typically correspond to
higher emissions from an engine.

The main disadvantage of a distant ground corona discharge device is the
capacitance of the device, which is typically smaller than that of a discharge with a nearby
ground. This limits the available power input into the gas, and, thus, the device must be
carefully designed if it is to generate as many radicals as a normal design.

5

A typical electric field plot of distant ground corona discharge device is

provided in Fig. 27. The corona will form whenever the field is greater than about 28
kV/cm at room temperature, and greater than about 12 kV/cm at 850°C. The very steep
slope of the field curve indicates that the corona will drop off quite rapidly, e.g., as shown
in the field plot, the corona, even at 850°C, does not penetrate beyond about 4 mm along the
surface for about lOkV applied voltage. Note that a ground plane on the opposite end of the
corona discharge device can be used to raise the field strength. The exhaust pipe itself can

30

act as a ground
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The power of a corona discharge formed with a corona discharge device is
typ.cally a steep function of temperature. This is due to the variation in breakdown voltage
w,th temperature. Therefore, in app.ications in which a corona discharse device is

&

subjected to a variable temperature environment, such as a car, the corona discharge power
can vary several fold over the temperature range experienced. However, in some cases this

« advantageous, allowing the applied power to be tailored to the temperature of the gas in
which the corona is formed. For example, in the exhaust of an engine, higher temperatures
are typically indicative of larger flows. The higher temperature of the large flow results in
an mcrease in corona discharge power, winch mamtains the concentration ofradical species
produced in the exhaust by the corona discharge.

A number of factors affect the power generated by a typical corona d1Sch
devxce, with the most important being the geometry of the device. The power input into
corona in such a device may be expressed by the formula:

P = 4fC-.V
br(Vpk - Vbr (Ca

+ C
dlol)/Cdlot),

where f is the AC frequency in Hertz, C
dlol is the total series capacitance of the dielectric

bamers used m the corona discharge device, Vbr is the breakdown voltage of the air gap of

2 q

the device, Vpk is the peak AC voltage, and Ca is the capacitance of the air gap.
The power is a function of temperature because Vbr is a function of

temperature. For a coaxial geometry,

Vbc = r
i
*ln i

fi^SS£
) (32.1. 27 ^

+ _8^70
r
i T + 273 r '

KV

25
where r is in cm, and T is in K, and Ca is a function oft* as:

C
a = 2*7t*e

0*L/ln((r,.-ft
a,)/r,.),

where L ,s the length of the discharge region. Therefore, the power applied is a function of
both the temperature and the air gap. Assuming the gap is vanable over the discharge
length L, and assuming a linear function-

30
t
air
= m*X + t0)

where m is the slope of the gap, x is the Stance along the discharge (which varies from 0
to L), and to is the thickness at x = 0, the power can be found as:
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exhaust gas. An embodiment of the invention that uses the pressure fluctuations to force
gas through the discharge region is shown in Fig. 28.

The corona discharge device 100 illustrated in cross-section in Fig. 28
comprises a central, high voltage electrode 101, a ground electrode 102, and a dielectric

5 material 103, preferably a ceramic, between the high voltage and ground electrodes, 101
and 102. The discharge is formed in the annular region 104 between the high voltage

electrode 101 and the surface of the dielectric 103. A ullage volume 105 is provided to

allow the pressure fluctuations in the main gas stream 106 to compress and decompress gas
within the ullage volume 105, thereby creating an effective gas flow through the discharge

10 region. A typical pressure fluctuation in the exhaust gas stream of an engine is at least

about ten percent of the average pressure, which causes a portion of the gas in the ullage

volume 1 05 to move into or out of the discharge region. As a result, when the corona

&

discharge device is operated continuously, resulting in continuous radical production, a

^ portion of the radicals will be swept into the ullage volume 105 when the pressure within
15

the gas stream is higher than that of the ullage volume, where they can be destroyed by
recombination reactions. However, when the pressure in the main gas stream is lower than
that within the ullage volume 105, gas is drawn from the ullage volume 105, through the
discharge region 104, and mixed with the main gas stream. A more effective method of

^ producing radicals, and introducing the radicals into the main gas stream 106, may be to
apply the high voltage to the corona discharge device only during those periods when the
pressure within the exhaust is 106 less than that within the ullage volume 105. This flow
occurs when the pressure within the exhaust is decreasing, and is at a maximum, as the
pressure in the exhaust drops from its highest value to the average pressure. Therefore, the

^ most efficient formation of radicals will occur when the driving voltage for the corona
discharge device is modulated to correspond with the pressure fluctuations.

The frequency and phase of the pressure fluctuations in the exhaust stream
can be directly sensed by either a pressure transducer communicating with the exhaust
stream or a temperature sensor on the exhaust system or device that senses the small

3 q

temperature variations caused by the time varying exhaust flow. The pressure fluctuations
can be determined in a predictive sense by keying on information available from the engine
controller, such as valve position or commands and RPM, which provide phase and
frequency information. This information plus knowledge of the relationship between this
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temperature caused by pressure induced variations in exhaust flow. In addition, an indirect

pressure measurement may be made by measuring the temperature of the gas stream using a
low heat capacity temperature sensor sensing element positioned directly in the main
exhaust flow.

5 More robust injection gas mixing into the main gas stream, a reduction in
spark breakdown from the high voltage electrode and along the dielectric surface to the
ground electrode, and a greater standoff of the dielectric from a hot gas flow are provided in

the design illustrated in cross-section in Fig. 29. Similar to the design illustrated in Fig. 28,
the corona discharge device 110 illustrated in Fig. 29 has a closure 109 between the end of'

10 the high voltage electrode 101 and the gas flow 106, having an orifice 111 that provides a
high velocity gas flow containing radicals from the corona discharge device to the main gas
flow. The closure also provides a longer path along the dielectric, which reduces the

possibility ofspark breakdown.

ThC 6nd °f the hi§h volta§e electrode 1 01 is positioned in close proximity to
the inner portion of the closure 109 to minimize the amount of space for trapped gas that
would otherwise limit the amount of gas transfer from the discharge region 104 to the main
gas flow. As a result, the high gas flows out of the corona discharge device provided by this
design allow effective radical generation even with a set back orifice, reducing the

^ ^
temperature of the environment to which the dielectric is subjected. As with the design
shown in Fig. 28, the design illustrated in Fig. 29 comprises a ullage volume 105 within the
corona discharge device to allow compression and decompression of the gas within the
ullage volume 105, thereby providing the gas flow through the discharge region that results
in the injection of radicals into the main gas stream.

2 5

In a PrefeiTed embodiment, power for the corona discharge device may be
supplied by a power source 1000, shown in Fig. 30. Power source 1000 is preferably
provided with an input 1014 connected to a DC voltage source 1016 via a conductor 1018.
In a preferred embodiment, DC voltage source 1016 may be an automobile alternator
providing a DC voltage that is, on the average, approximately equal to 13.8 volts. Power

3 q

source 1000 further comprises a transformer 1022 that inductively couples the power source
to corona discharge device 1020 via a transformer 1022 and conductors 1024 and 1026.

Power source 1000 provides the necessary power to cause breakdown in the
corona discharge device. In a preferred embodiment, power source 1000 provides about a
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1 0 to about 70 watt, high frequency AC waveform with a frequency between approximately

5 KHz and 100 KHz and a peak-to-peak voltage of approximately 12 to 30 kV, depending

on the breakdown voltage which is a function ofboth the geometry of the corona discharge

device and other parameters such as the temperature at which the corona discharge device is

5 operating.

A preferred embodiment ofpower source 1 000 is shown in Fig. 3 1 . Fig. 3

1

illustrates principal elements of power source 1000, but is not intended as a complete circuit

schematic for the inverter. In particular, as those skilled in the art will recognize, although

Fig. 31 does not specify values for every circuit element shown, values for those elements

0 may be chosen depending on the application. Moreover, listed part numbers may be

changed as required to improve performance or vary circuit characteristics.

As shown in Fig. 31, power source 1000 preferably comprises three principle

sections: a power oscillator section 1028, a feedback section 1030, andaPWM switch

section 1032. In a preferred embodiment, power oscillator section 1028 comprises

transformer 1022 having a primary winding 34 and a secondary winding 1036. Primary

winding 1034 is provided with a center tap 1038 that is connected to one end of an inductor

1040. Inductor 1040 acts as a current smoothing device that smooths out ripples in the

output ofDC source 1016. The output ofDC source 1016 thus appears as a constant current

source to the remaining components of oscillator section 1028.

The secondary winding 1036 of transformer 1022 is connected to a load

1020, preferably a corona discharge device, via a conductor 1026, as shown in Fig. 30. The

turns ratio of transformer 1022 is chosen to supply the desired breakdown voltage to the

corona discharge device. This turns ratio may be between 225 to 1 and 275 to 1 and, in a

preferred embodiment, may be approximately 250.

Power oscillator section 1028 is further provided with first and second

MOSFET transistors 1042, 1044, The drain ofMOSFETs 1082, 1084 are connected to first

and second ends of primary winding 1034, respectively. The sources ofMOSFETs 1042,

1044 are connected to a node 1046.

The gate ofMOSFET 1042 is connected to the drain ofMOSFET 1044 via a

parallel combination of a capacitor 1048, a resistor 1050, and a diode 1052. In addition, a

zener diode 1054 is connected between the gate ofMOSFET 1042 and node 1046. The gate

ofMOSFET 1044 is similarly connected to the drain ofMOSFET 1042 via a parallel
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combination of a capacitor 1056, a resistor 1058, and a diode 1060. In addition, a zener

diode 1062 is connected between the gate ofMOSFET 1044 and node 1046. Capacitors

1048, 1056 and resistors 1050, 1058 operate as a compensation circuit that permits

MOSFET transistors 1042, 1044 to switch at zero voltage and thus minimize power loss

5 through the transistors during operation of the inverter.

Power oscillator section 1028 is further provided with a capacitor 1064 that

is connected between the drains ofMOSFETs 1042, 1044. Load 1020, capacitor 1064, and

transformer 1022 define a natural frequency for the oscillator. During operation, power

oscillator section 1028 oscillates at that natural frequency thus providing an AC output

0 signal to load 1020. A circuit that oscillates at such a natural frequency is desirable because

it provides a near sinusoidal output with reduced high frequency, i.e., harmonic frequency,

electro-magnetic interference effects. It also tracks changes in natural frequency due to load

variations without loss of efficiency.

Feedback section 1030 preferably comprises a diode 1066 connected in

5
series with a resistor 1068 between the drain ofMOSFET 1044 and a node 1070. A
capacitor 1072 is connected between node 1070 and ground. A resistor 1074 is connected

between node 1070 and a node 1076. A voltage feedback signal is taken from node 1076,

as described below. A resistor 1078 is connected between node 1076 and ground.

Feedback section 1030 further comprises a resistor 1080 connected between

node 1046 and ground. A resistor 1082 is connected between node 1046 and a node 1084.

A current feedback signal is taken from node 84, as described below. A capacitor 1086 is

connected between node 1084 and ground.

Feedback section 1030 further comprises a resistor 1088 connected between

a voltage Vcc, preferably provided by DC voltage source 1016, and a node 1090. A
3

reference voltage Vref is taken from node 1090, as described below. A zener diode 1092 is

connected between node 1090 and ground.

Feedback section 1030 further comprises a voltage feedback processing

circuit 1094 and a current feedback processing circuit 1096. Voltage feedback processing

circuit 1094 comprises an op amp 1098 that receives the voltage feedback signal from node
3

1076 on its negative input. The positive input of op'amp 1098 is connected to a node 1100.

A resistor 1102 is connected between node 1110 and constant voltage Vref from node 1090.
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A resistor 1104 and a capacitor 1106 are connected in parallel between node 1100 and

ground.

Current feedback processing circuit 1096 comprises an op amp 1108 that

receives the current feedback signal from node 1084 on its negative input. The positive

5 input of op amp 1108 is connected to a node 1110. A resistor 1112 is connected between

node 1110 and constant voltage Vref from node 1090. A resistor 1114 and a capacitor 1116

are connected in parallel between node 1100 and ground. The outputs of op amps 1098,

1108 are connected to a node 1118.

PWM switching section 1032 preferably comprises a resistor 1120 connected

0 between node 1118 and Vcc. A MOSFET 1122 has its source connected to Vcc and its

drain connected to a second terminal of inductor 1040. The gate ofMOSFET 1122 is

connected to a node 1124. A Schottky diode 1126 is connected between the drain of

MOSFET 1122 and ground.

A resistor 1128 is connected between Vcc and node 1124. A zener diode

5 1130 and a resistor 1132 are connected in parallel between Vcc and a node 1134. A resistor

1136 connects node 1134 to the collector of a transistor 1138. The gate of transistor 1138 is

connected to node 1118 and its emitter is connected to ground.

The gates of two transistors 1140, 1142 are each connected to node 1134.

The emitters of each transistor 1140, 1142 is connected to node 1124. The collector of

0
transistor 1 140 is connected to Vcc and the collector of transistor 1142 is connected to

ground. A capacitor 1144 connects node 1134 to node 1124.

In a preferred embodiment, the values/part numbers for the circuit elements

shown in Fig. 3 1 may be as follows:

25
inductor 1040 100 microhenrys

MOSFET 1042 IRF3710S

MOSFET 1044 IRF3710S

capacitor 1048 2200 pF

resistor 1050 680 ohms

diode 1052 RS1DB

zener diode 1054 1SMB5927BT3

capacitor 1056 2200 pF
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resistor 1058 680 ohms

diode 1060 RS1DB

zener diode 1 062 1SMB5927BT3

5
capacitor 1064 2.2 micro F

diode 1066 RS1DB

resistor 1068 100 ohms

capacitor 1072 0.01 micro F

resistor 1074 5 1 K ohms
}

resistor 1078 10 K ohms

resistor 1080 0.1 ohms

resistor 1082 10 K ohms

capacitor 1086 1000 pF

resistor 1088 TBD
zener diode 1092 TBD
od amo 1098 LM2903

resistor 1102
1 TBD

resistor 1 104 TBD

capacitor 1106 0.1 micro F

op amp 1108 LM2903

resistor 1112 TBD
resistor 1114 TBD

capacitor 1 116 0. 1 micro F

resistor 1120 10 K ohms

MOSFET 1122 1RF4905S

Schottky diode 1126 8TQ100S

resistor 1128 10 K ohms

zener diode 1130 1SMB5927BT3

resistor 1 132
I 10 K ohms

resistor 1136
1
470 ohms

15

20

25

30
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transistor 1138 MMBT3904LT1

transistor 1 140 MMBT3904LT1

transistor 1 142 MMBT2907ALT1

capacitor 1144 1000 pF

10

15

20

25

30

The principles of operation of the preferred embodiment of inverter 12
shown in Fig. 3

1
are now described. Oscillator section 1028 provides an AC peak-to-peak

output voltage of approximately 2*V*N when using a transformer of turns ratio N and a
DC input voltage ofV (where V is the DC voltage at the upper leg of inductor 1040) To
adjust output, therefore, input voltage V must be externally varied. This is accomplished
with the remaining circuit elements.

Feedback section 1030 and PWM switch section 1032 together provide a
variable frequency, variable duty-cycle voltage input to inductor 1040 (the DC voltage node
to oscillator section 1028). PWM switch section 1032 is composed of a high-current P-
channel MOSFET 1122 that serves as a power switch, a Schcttky diode 1126 to provide a
commutation path for inductor current, and a driver network composed of zener diode 1130
resistor 1132, resistor 1128, transistor 1140, transistor 1142, capacitor 1144, resistor 1136

'

and transistor 1138 to provide fast MOSFET charging and discharging.

Feedback section 1030 monitors both the average oscillator current and peak
pnmary voltage. The average oscillator current is monitored using a network of circuit
elements comprising res1Stor 1080, resistor 1082, and capacitor 1086). The peak primary
voltage is monitored using a network of elements comprising diode 1066, resistor 1068
resistor 1074, resistor 1078, and capacitor 1072. When both are below their corresponding
preset limits (as governed by resistor 1088, zener diode 1092, resistor 1112, resistor 1114
and capacitor 1116 for current and resistor 1088, zener diode 1092, resistor 1102 resistor
1104, and capacitor 1106 for voltage) both comparator outputs become open-circuit and
transistor 1138 is turned on due to pull-up resist0r 1120. This, in rum, pulls the gate
terminal ofMOSFET 1122 low, allowing current to begin ramping up in inductor 1040
When either limit is exceeded, the comparator outputs become low and transistor 1138 is

turned off. This, in turn, causes MOSFET 1122 to be turned off. The remaining inductor
current is then commutated through Schottky diode 1126.
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This feedback control protects power source 1000 against conditions that

might otherwise affect system operation or harm the power source. For example, in the

absence of current feedback control, corona discharge device 1020 would have the tendency

to draw large currents from power source 1000 at the top of the corona discharge device's

5 operational temperature range (typically temperatures in excess of 1000 degrees

Centigrade). These large currents could damage power source 1000. The current feedback

portion of feedback section 1030, however, monitors current through power oscillator 1 028

and shuts offMOSFET 1122 if that current exceeds a desirable level.

Moreover, the use of feedback control to limit output current helps power
10 source 1000 meet the strict standards to which automotive under-hood systems are subject.

In particular, limiting output current is advantageous because it allows functional operation

of the corona discharge device system throughout the entire operating range of corona

discharge device 1020, from -40 degrees to 1 100 degrees Centigrade. Furthermore, even as

the dielectric resistance changes in corona discharge device 1020, thereby drawing more
15

loss current, the output current ofpower source 1000 will not increase.

As noted, limiting output current keeps power source 1000 from destroying

itself. In addition, it also prevents corona discharge device 1020 from indicating a false

error condition due to measured high currents, when, in fact, the measured high currents are

due to the fact that the corona discharge device dielectric has gone conductive, rather than
0

being due to a catastrophic failure. It should also be noted that, although limiting current to

corona discharge device 1020 causes the plasma power to be reduced as the dielectric loss

increases, some corona is still generated, even at the highest temperatures. This has been

verified experimentally.

In addition, in the absence of voltage feedback control, power source 1000

would be susceptible to damage caused by voltage spikes in the output ofDC voltage

source 1016. The voltage feedback control portion of feedback section 1030, however,

monitors the voltage at transformer 1022 and shuts offMOSFET 1122 if that voltage

exceeds a desirable level.

More specifically, because the circuit of Fig. 3 1 employs feedback control to

limit the output voltage, power source 1000 can withstand any input voltage up to 28 volts

DC, while maintaining a constant output voltage, as long as the input voltage remains above

the set voltage V
ref. Moreover, in a preferred embodiment, the set voltage may be chosen to
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be a relatively low voltage, such as approximately 10V, so that the output voltage supplied

by power source 1000 to corona discharge device 1020 will remain constant throughout the

typical automotive battery output range ofapproximately 10-16 volts.

As input conditions and output load conditions vary, the circuit will

5 automatically choose the proper switching frequency and duty cycle. It has been observed

that the PWM switching is synchronized with the primary waveform and has a frequency

that is a sub-multiple of the oscillator frequency (e.g., 1, /2 , 1/3, 1/4, etc.). The oscillator

frequency is determined by capacitor 1144 and transformer 1022 as well as the load

attached to secondary winding 1036.

10 I" an alternative preferred embodiment, the circuit of Fig. 31 may be

replaced by a piezoelectric transformer circuit for supplying power at the requisite voltage

and frequency to corona discharge device 1020. Such piezoelectric transformers are known
in the art and are described, for example, in Ceramic Transformers and Filters, C.A. Rosen,

General Electric Company, Syracuse NY; An Advanced Design of Piezoelectric Ceramic
15 Transformer for High Voltage Source, Seiji Hirose & Hiroshi Shinuzu, 1 989 Ultrasonics

Symposium at 471; Piezo Transducers Replace Transfomers in Backlights, Stephan Ohr;

and Ultracompact LCD Backlight Inverters: A Svelte Beast Cuts High Voltage Down to

Size, Jim Williams et al., Linear Technology Application Note 81, September 1999, each of

which is hereby incorporated by reference in its entirety.

2 0 „
,Piezoelectric transformers are an attractive alternate to wire wound magnetic

transformers. Now that they are appearing in volume production, for such applications as

intermediate high voltage transformers for driving the fluorescent displays for laptop

computers, they have decreased in cost to significantly less than Royer type high voltage

power supplies. They provide extremely efficient conversion of nearly 95 percent low

voltage, i.e., about 12 V, input to a high voltage output. The ceramic piezoelectric

transformer was first suggested by Rosen in the form of a thin rectangular bar, halfofwhich
is poled in thickness and the other half poled in length. When the thickness poled half is

driven at the sinusoidal resonance frequency of the bar the other half (the longitudinal poled

half) is driven into resonance by Poisson coupling. This causes an output voltage along its

length. Given approximately by the length to thickness ratio of the two halves times a

quality factor. The resulting output voltage can be several hundred times the input voltage,

operating at about 28 kHz and about 10 kV output, which is in the desirable range for the
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corona discharge device drive voltage and frequency. The power density in this transformer

is about 10 W per in
3

. This is a much higher power density than the ferrite core/copper

winding flyback transformer in a Royer circuit. This voltage ratio can be increased several

fold by vertically segmenting the input side (the vertically polarized half and driving the

segments in parallel with the input voltage. By such means the output voltage can be more

than a thousand times the input voltage. A 16 to 27 kV output may be obtained from a 5 to

20 V sinusoidal input at a transformer frequency of about 30 kHz in a very compact device

having a volume of about 1.35 in
3
at a maximum output of about 40 W or a power density

of a high voltage ferrite flyback transformer. This leads to an equivalently smaller volume

for a given output power. Additionally the piezoelectric transformer is flat, which provides

for much better packaging efficiency and thus to a much smaller power supply. The Curie

temperature of applicable dielectric can exceed 350°C, so that operation of the transformer

to temperatures above 200°C are be quite feasible. Thus, a piezoelectric transformer can be

mounted on the corona discharge device unit, thus allowing dispensing with a high voltage

cable.

In particular, Hirose and Shimizu describe a piezoelectric transformer design

that converts an input voltage of 5 to 20 V to an output voltage of 16 to 27kV. They indicate

a transformer voltage gain of 500 to 2000 depending on input and output conditions. The

transformer they describe oscillates at a frequency of about 30 kHz, can handle up to 40 W
ofpower and should have high efficiency. It is a very compact device having a rectangular

shape with dimensions of approximately 0.6 in x 0.9 in x 2.5 in or a volume of about 1.35

in
3

. A transformer comprising such characteristics would satisfy the power supply

requirements for the applications described in this application. Moreover, the volume of

such a transformer would be such and its Curie temperature sufficiently high that it may

preferably be mounted at the location of the corona discharge device.

A second architectural approach to attaining a high transformer ratio with a

simpler piezoelectric transformer design is suggested in the dissertation of Chih-yi Lin. Lin

discloses cascading a flyback transformer with a piezoelectric transformer. Here the flyback

transformer provides about 500 V of drive voltage to a piezoelectric transformer. A simple

Rosen type piezoelectric transformer may be employed to provide the 10: 1 voltage gain for

the corona discharge device drive voltage in the present application. This circuit is shown

on the attachment from Lin's dissertation, where the block labeled HVPT-2 is the
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piezoelectric transformer. The circuit shown does not have a sufficient flyback output for

the applications described herein, but does illustrate the architectural approach.

The advantages of using such a piezoelectric transformer circuit are: High

input to output power efficiency; low cost; low volume (small size); and low weight.

5 Indeed, if the volume, weight, and power dissipation in such a piezoelectric

transformer is made small enough, power source 1000 may be mounted integrally with

corona discharge device 1020. This would eliminate the need for cable 1026, thereby

reducing system cost, power losses, and electromagnetic interference (EMI). Thus, use of a

piezoelectric transformer greatly reduces the cost of the power supply. Indeed, it may
L0 reduce cost adequately to make it advantageous to provide separate corona discharge device

units upstream and downstream of the first brick.

Moreover, as known in the art, the Curie temperatures of higher performance

piezoelectric ceramics range to beyond 350°C, so that operation to temperatures up to

200°C is practicable. Manufacturers of high voltage (~ 1000 V) power supplies suitable for
* 5

operation at these high temperatures include Tokin and Delta Electronics.

Another potential piezo-electric power supply is the one described in Linear

Technology Application Note 81. It should be noted that although the article describes the

transformer as operating at 60Hz, that appears to be a typo, and should probably read

60 KHz. Such units may provide 4 to 5 Watts of power and may likely be tailored to
0

provide 10 to 15 watts at 7kV peak to peak. Linear Technology Corp. also builds Royer

circuit power supplies that are compact and about 90% efficient and could likely be tailored

to constitute a suitable power supply for corona discharge device 1020.

In an alternative embodiment, power for the corona discharge device may be

supplied by a power source 1000 that does not comprise the feedback control described
5

above. A preferred embodiment of this alternative power source is shown in Fig. 32. As
shown in Fig. 32, power source in this embodiment preferably comprises a DC-DC
regulator 1212 having an input 1214 connected to a DC voltage source 1216 via a conductor

1218. In a preferred embodiment, DC voltage source 1216 may be an automobile alternator

providing a DC voltage that is, on the average, approximately equal to 13.8 volts

Regulator 1212 further comprises an output 1220 that is connected to an

input 1222 of a DC-AC inverter 1224 via a conductor 1226. The purpose of regulator 1212

is to provide a steady DC voltage to input 1222 of inverter 1224 despite fluctuations in the
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voltage supplied to input 1214 of regulator 1212 by unregulated DC voltage source 1216.

As noted, this is necessary because alternative power source 1000 does not comprise the

voltage feedback control of the first preferred embodiment described above. A preferred

embodiment of regulator 1212 is described in more detail below in connection with Fig. 33.

5 As further shown in Fig. 32, inverter 1224 is preferably inductively coupled

to corona discharge device 1228 via transformer 1022 and conductors 1024 and 1026.

Inverter 1224 provides the necessary power to cause breakdown in the corona discharge

device. In a preferred embodiment, inverter 1224 provides about a 10 watt to about 70 watt,

high frequency AC waveform with a frequency between approximately 5KHz and 100 KHz
0 and a peak-to-peak voltage of approximately 12 to 30 KV, depending on the breakdown

voltage which is a function ofboth the geometry of the corona discharge device and other

parameters such as the temperature at which the corona discharge device is operating.

Inverter 1224 is described in more detail below in connection with Fig. 34.

A preferred embodiment of regulator 1212 is shown in Fig. 33. Fig. 33
5

illustrates principal elements of regulator 1212, but is not intended as a complete circuit

schematic for the regulator. As shown in Fig. 33, regulator 1212 preferably comprises a

circuit 1236 connected between input 1214 and a MOSFET transistor 1238. Circuit 1236

protects voltage source 1216 against reverse voltages that may be developed in power

source 1000. In a preferred embodiment, circuit 1236 may comprise capacitors 1240, 1242
3

connected between ground and first and second ends of an inductor 1244, respectively. The

second end of inductor 1244 is further connected to the input of a diode 1246. In a

preferred embodiment, the capacitances of capacitors 1240, 1242 may each preferably be

2.2nF, and the inductance of inductor 1244 may preferably be 40 microhenrys.

The output of diode 1246 is connected to the source of p-channel MOSFET
transistor 1238. A suitable MOSFET transistor is IRF5210S available from International

Rectifier. The gate ofMOSFET 1238 is controlled by control signals provided by a

microcontroller 1248 via a driver circuit 1250. In a preferred embodiment, microcontroller

1248 may comprise aUC1524A chip manufactured by Unitrode, Inc.

In a preferred embodiment, a current monitor 1252 is connected to a first pin

of microcontroller 1248. Current monitor 1252 monitors the output current provided by

regulator 1212 to inverter 1224 (i.e., the current in conductor 1226), and generates a control
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signal that disables microcontroller 1248 when the output current drops below a

predetermined threshold.

In a further preferred embodiment, a voltage monitor 1254 is connected to a

second pin of microcontroller 1248. Voltage monitor 1254 monitors the input voltage

5 provided to regulator 1212 by voltage source 1216, and generates a control signal that

disables microcontroller 1248 when the input voltage to regulator 1212 drops below a

predetermined threshold.

In a further preferred embodiment, an ignition enabled monitor 1256 is

connected to a third pin of microcontroller 1248. Ignition enable monitor 1256 is adapted
10 to receive an "ignition on" signal from the automobiles ignition system and to output a

control signal that disables microcontroller 1248 when that "ignition on" signal is absent.

In a further preferred embodiment, a soft-start module 1258 is connected to a

fourth pin of microcontroller 1248. Soft-start module 1258 is adapted to output control

signals that cause the voltage output of microcontroller 1248 to ramp up in a controlled
15 manner and avoid voltage spikes in the signal output of microcontroller 1248 and driver

1250.

When microcontroller 1248 is enabled, it provides a voltage signal to the

gate ofMOSFET 1238 via driver circuit 1250 that causes MOSFET 1238 to be turned on.

The voltage on the source ofMOSFET 1238 (i.e., the input voltage from voltage source

1216 minus the approximately 0.5V dropped across diode 1246) is then seen at its drain and

across a schottky diode 1260.

The drain ofMOSFET 1238 is also connected to the first end of an inductor

1262. The second end of inductor 1262 is connected in parallel to inverter 1224, a capacitor

1264, and the serial combination of a resistor 1266, a resistor 1268, and a feedback &
compensation module 1270. In a preferred embodiment the inductance of inductor 1262

may be 40 microhenrys; the capacitance of capacitor 1264 may be 660 microF; and the

resistance of resistor 1266 may be 1 Kohm.

Resistor 1268 is used to control the feedback voltage V„, that is provided to

feedback & compensation module 1270. By adjusting the resistance of this resistor 1268, a

setpoint voltage may be chosen for regulator 1212 that establishes a maximum output

voltage VQ that the regulator can supply to inverter 1224. In particular, the transfer function

of regulator 1212 is such that:

20
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if (V
{

- 0.5V) < setpoint voltage,

then Vo = input;

if (Vj - 0.5V) > setpoint voltage,

then V0
= setpoint voltage,

5 where Vj is the input voltage supplied to regulator 1212 by, for example, voltage source

1216.

The particular setpoint voltage chosen for a given application may be a

function of several factors such as the input voltage provided by voltage source 1216 and

the temperature of operation of the corona discharge device. In a typical example, for an

10 automobile alternator providing an input voltage of approximately 13.8 volts, the setpoint

voltage for regulator 1212 may be chosen to be approximately 1 1-12 volts. A proper

setpoint may be determined for a given application using a variable resistor adjusted until an

appropriate resistance is found. A resistor having this value may then be substituted for the

variable resistor in the circuit.

15 A preferred embodiment of inverter 1224 is shown in Fig. 34. Fig. 34

illustrates principal elements of inverter 1224, but is not intended as a complete circuit

schematic for the inverter. As shown in Fig. 34, inverter 1224 preferably comprises

transformer 1230 having a primary winding 1274 and a secondary winding 1276. Primary

winding 1276 is provided with a center tap 1278 that is connected to the output of regulator

2 0 1212 via an inductor 1280. Inductor 1280 acts as a current smoothing device that smooths

out any remaining ripples in the output of regulator 1212. In a preferred embodiment, the

inductance of inductor 1280 may be 200 microhenrys. The output of regulator 1212 thus

appears as a constant current source to inverter 1224. Secondary winding 1276 is connected

to a load 1020, preferably a corona discharge device, via a conductor 1026. The turns ratio

2 5
of transformer 1230 is chosen to supply the desired breakdown voltage to the corona

discharge device. This turns ratio may be between 100 to 1 and 1000 to 1 and, in a

preferred embodiment, may be approximately between 200 to 1 and 300 to 1.

Inverter 1224 is further provided with first and second MOSFET transistors

1282, 1284. The drain ofMOSFETs 1282, 1284 are connected to first and second ends of

30
primary winding 1274, respectively. The sources of MOSFETs 1282, 1284 are connected

to ground.
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The gate ofMOSFET 1282 is connected to the drain ofMOSFET 1284 via a

parallel combination of a capacitor 1286, a diode 1288, and a resistor 1290. In addition, a

zener diode 1292 is connected between the gate ofMOSFET 1282 and ground. The gate of

MOSFET 1284 is similarly connected to the drain ofMOSFET 1282 via a parallel

5 combination of a capacitor 1294, a diode 1296, and a resistor 1298. In addition, a zener

diode 1300 is connected between the gate ofMOSFET 1284 and ground. In a preferred

embodiment, the capacitance of capacitors 1286, 1294 may be 2.2 nF; the resistance of

resistors 1290, 1298 may be 680 Ohms; and zener diodes 1292, 1300 may have a zener

breakdown voltage of 10 volts. Capacitors 1286, 1294 and resistors 1290, 1298 operate as a

10 compensation circuit that permits MOSFET transistors 1282, 1284 to switch at zero voltage

and thus minimize power loss through the transistors during operation of the inverter.

Inverter 1224 is further provided with a capacitor 1302 that is connected

between the drains ofMOSFETs 1282, 1284. Load 1228, capacitor 1302, and transformer

1230 define a natural frequency for inverter 1224. During operation, inverter 1224

preferably oscillates at that natural frequency thus providing an AC output signal to load

1028. A circuit that oscillates at such a natural frequency is desirable because it provides a

near sinusoidal output with reduced high frequency, i.e., harmonic frequency,

electro-magnetic interference effects.

It should be noted that although the natural frequency defined by load 1020,

2 0
capacitor 1302 and transformer 1230 is preferably the dominant one, inverter 1224 may also

at times operate at a second, significantly higher natural frequency that is apparently defined

primarily by leakage inductance and stray capacitance in the transformer. Power source

1000 is preferably designed so that this high-frequency pole is typically not dominant

except under certain load conditions. In particular, if the impedance of the load drops to a

25
value much lower than the normal corona discharge device impedance (e.g., if a short

circuit develops), this high-frequency mode can dominate. The alternative power source

1000 of Fig. 32 (as opposed to the one shown in Fig. 30) is susceptible to this

high-frequency mode because it does not include the current feedback control described

above in connection with Fig. 31.

If undetected, this high-frequency mode may quickly cause power source

1000 to self-destruct due to the higher currents that occur during this mode. A diagnostic

circuit for detecting this high frequency mode is described below.
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In a preferred embodiment, the capacitance of capacitor 1302 may be

470 nF. In addition, n-channel MOSFETs 1282,1284 may be IRF540NS available from

International Rectifier; and transformer 1230 may be a 225:1 turns ratio, 8 primary turn,

ETD-49 R-type ferrite core transformer. In a preferred embodiment, shielded cabling may

be used to provide a shielded return path from corona discharge device 1228 to the power

supply and thereby reduce electro-magnetic interference.

In a further alternative embodiment, inverter 1224 may employ a Royer

topology, such as shown, for example, in Fig. 35. It should be noted that this Royer

topology is not as efficient as the topology described above in connection with Fig. 32 and

Fig. 34 because it employs a saturating transformer and may therefore suffer from

significant core losses. Fig. 35 illustrates principal elements of this alternative embodiment

of inverter 1224, but is not intended as a complete circuit schematic for the inverter. As

shown in Fig. 35, in this alternative embodiment, inverter 1224 comprises a transformer

1022 having a primary winding 1304 and a secondary winding 1306. Primary winding

1304 is provided with a center tap 1308 that is connected to the output of regulator 1212 via

an inductor 1310. Inductor 1310 acts as a current smoothing device that smooths out any

ripples in the output of regulator 1212. The output of regulator 1212 thus appears as a

constant current source to inverter 1224. Secondary winding 1306 is connected to a load

1020, preferably a corona discharge device, via a conductor 1026.

Inverter 1224 is further provided with two transistors 1312, 1316. The gate

of transistor 1312 is connected to one end of a feedback winding 1322 via a network of

elements comprising a resistor 1324 and a diode 1328, connected in parallel between the

gate of transistor 1312 and a first end of feedback winding 1322. The circuit further

comprises a diode 1330 connected between the first end of feedback winding 1322 and the

collector of transistor 1312.

The emitter of transistor 1312 is connected to ground. In addition, the circuit

is provided with additional circuit elements diode 1334; resistor 1336 connected in serial

with capacitor 1338; and resistor 1340 connected in serial with LED 1342, all of which are

connected in parallel to transistor 1312.

The gate of transistor 1316 is connected to a node 1346 via a network of

elements comprising a resistor 1348 and a diode 1352, connected in parallel between the

gate of transistor 1316 and a node 1346. The circuit further comprises a diode 1354
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connected between node 1346 and the collector of transistor 1316. Node 1346 is connected

to the output of regulator 1212 via a resistor 1356 and to a second end of feedback winding

1322 via a resistor 1358.

The emitter of transistor 1316 is connected to ground. In addition, the circuit

5 is provided with additional circuit elements diode 1360; resistor 1362 connected in serial

with capacitor 1364; and resistor 1366 connected in serial with LED 1368, all of which are

connected in parallel with transistor 1316.

During operation, the DC input voltage from regulator 1212 is supplied to

the circuit through inductor 1210, which, as noted above, acts like a constant current source.
10 This current enters center-tap 1308 ofprimary winding 1304 of transformer 1230. Due to

the asymmetries in the circuit, the current tends to turn one of the two transistors 1312,

1316 "on," and the other "off." The transistor that is "on" conducts current and creates a

rising voltage across primary winding 1304. This in turn excites the secondary winding

1306 and load 1228. Since the secondary load (i.e., the capacitive load of the corona
15

discharge device) is a resonant circuit, a resonant oscillation occurs. Near the peak of the
oscillation, transformer 1230 enters saturation, which causes the two transistors 1312, 1316
to switch states, turning the transistor that was on, off, and the transistor that was off, on.

Thus, an oscillation at a particular frequency which is a function of the load is created. If

the properties of the load change, the oscillation frequency of the two transistors 1312 1316
2 0

'

also changes due to magnetic feedback between load 1228 and inverter 1224.

In a preferred embodiment, the values of the circuit elements shown in

Fig. 35 may be as follows:

inductor 1310: 0.25 hiH resistor 1324: 200 ohms;

resistor 1336: 4.7K ohms; capacitor 1338: 510 pF-
25

resistor 1340: lOOKohms; resistor 1348: 200 ohms;

resistor 1356: 3.7Kohms; resistor 1358: 200 ohms;

resistor 1362: 4.7Kohms; capacitor 1364: 510 pF; and

resistor 1366: lOOKohms.

11 has been found that realization of the objects of the present invention is

significantly enhanced ifpower source 1000 provides at least 10 watts ofpower, and

preferably at least 15 watts of power, to the corona discharge device. The amount ofpower
supplied by power source 1000 is primarily a function of four factors: (1) the output
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frequency ofpower source 1000; (2) the capacitance of the corona discharge device; (3) the

air breakdown voltage of the corona discharge device; and (4) the difference between that

breakdown voltage and the voltage applied to the corona discharge device by power source
1000.

5 The maximum output frequency that may be provided by power source 1000
to the load is a function of the amount of capacitance in the system, and in particular, the

amount of stray capacitance between power source 1000 and load 1020. Typically, the

primary source of this stray capacitance is the capacitance of conductor 1026, ordinarily a
cable, that connects the power source to the corona discharge device. Consequently, in a

10 preferred embodiment, the length of the cable, and hence the capacitance of the system, is

minimized by locating the power source close to, and preferably immediately adjacent to,

the corona discharge device.

The high voltage transformer is the critical circuit element of power source
1000. It acts not only as a step up of the low voltage input signal, but also is a key

15 component of the self-resonant oscillator circuit that converts the DC input into an AC
waveform.

The high voltage transformer, however, is a significant source ofpower
losses. Indeed, the majority of the power lost in the circuit is dissipated in transformer

1022. Keeping the power losses to a minimum, while maintaining a reasonable size and
cost is the challenge in the transformer design. There are five main components in these

20

losses:

1
.

Primary winding loss due to I,% loss where Ip is the primary current (nns) and
Rp is the resistance of the primary windings

^ ^
2. Secondary winding loss due to I

s

2R
s
loss where Is is the secondary current (nns)

and Rs is the resistance of the secondary windings

3. Core loss, due to induced magnetic core flux densities.

4. Potting loss due to (uC
x
V

s

2)D
f
loss, where Cx id the stray capacitance of the

transformer, V
s
is the secondary output voltage, and D

r
is the dissipation factor of the

pottings.

30
5. Miscellaneous losses due to eddy currents, magnetostriction, etc.

The sum of all these losses is the total transformer loss. The first four losses can be readily

quantified.
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The potting loss is due to the capacitive current which flows from the

windings to the ground. The potting material has a resistive component by which the

capacitive current creates an fR (Joule) loss. The resistive component is specified in a
materials 'dissipation factor' which is the ratio of the resistive current to the capacitive

5 current. The potting loss can dominate in an improperly designed transformer. Thus, the
choice of an appropriate potting compound with a small dissipation factor (<=.02) is

preferred.

In addition, as one of ordinary skill in the art would recognize, the rule of
thumb for optimizing a transformer is to choose a design that matches the core loss and the

1

0

winding loss. More particularly, the core power loss equation for Type R Ferrite Material
(from Magnetics data sheet):

Pcore (Vp, Np, Ap, F, Vc): =

. 1-43
000074 B (Vp, Np r Ap, f

)

)
2-as

15 lOOOHzj
[{ 1000 gauss 1 'V°

cm

W

where Vc is the volume of the core. The frequency is a function of the capacitances of the
system and the secondary inductance of the core:

freq(C, Ns): = 1

2 0 2 -n-Nsy/ (C +Cp +cx) • Al

where C is cable capacitance.

The capacitive current flowing through the secondary winding of transformer 1022 is:

I (C, Vs, Ns) : = 2tz© + Cp + Cx) • Vs • freq (C, Ns)

The resistance of the secondary winding of transformer 1022 is:

Rs (Vp, Vs, Np) : = (.24 ohm) • Ns (Vp, Vs, Np)

The resistance of the primary winding of transformer 1022 is:

Rp (Np): = .0015 ohm • Np

The above equations assume an 18 gauge primary wire and a 38 gauge secondary wire.

Given the above, the primary winding loss may be calculated as:30

:?priwinding (Vp, Vs, Np, C): =

KC, Vs, Ns (Vp,Vs,Np) )
•(

Ns (VP' Vs ' Np ) ^
I Np
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and the secondary winding loss may be calculated as:

Psecwinding (Vp, Vs, Np, C) :
= I (C, Vs, Ns (Vp, Vs, Np)) 2 Rs (Vp, Vs, Np)

The potting loss may be calculated as:

Ppotting (C, Ns, Vs, DF): = 2 • 7t -DF freq (C, Ns) • Cx • Vs 2

Thus, the total power loss is:

Ptotal (Vp, Vs, Np, Ap, C, Vc) := (Psecwinding (VP, Vs, Np, C) + Pcore (Vp, Np, Ap, freq

(C, Ns (Vp, Vs, Np)), Vc)) ... + Ppriwinding (Vp, Vs, Np, C) + Ppotting (C, Ns (Vp,

Vs, Np), Vs, DF)

Exemplary values for these power losses are:

Pcore (12V, 8, 2.15cm2
, 20000Hz, 18.2 cm 3

) = 0.478W

Ppotting (60pF, 2000, 6000V, .005) = 0.221W

Psecwinding (12V, 7000V, 8, 60pF) = 2.066W

Ppriwinding (12V, 7000V, 8, 60pF) = 3.391W

where typically:

freq (60pF, Ns (12V, 7000V, 8)) = 1.692 x 10" Hz
Rs (12V, 7000V, 8) = 504.177 A-

2Ohm
Ns(12V, 7000V, 8) = 2.101 x 10

3

An example of an optimization calculation is shown in Fig. 36. The numb
of primary turns is varied, while keeping the other parameters constant.

10

20
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Variables:

Vp: = Primary side DC input voltage

Np: = Number ofprimary turns

Cp: = Capacitance ofCDD

Cload: = Capacitance of load

f: = Frequency of oscillation

DF: = Dissipation factor of potting material

Cx = Stray capacitance of the transformer.
///

10 Equations:

B(Vp, Np, Ap, f): = Magnetic inductance through core. Ap is the area of
B(12V, 8, 2.15cm2

, 20000Hz) = 1.745 x 103
gauss

the core, e.g.,

15 Ns (VP, Vs, Np): = Number of secondary turns needed to

voltage)

generate Vs (rms secondary

Al: = Inductance per turn.

2 o RperL; = Resistance per turn.

Lperturn: = length per turn

25

30

Vc:= Volume of core

Some ways ofreducing the losses in the transformer are;

L Decrease the primary winding resistance. Decreasing the primary winding resistance
can be done by either increasing the size of the primary wire, or, preferably, by
using multiple windings in parallel. In fact, due to the small number of primary
windings typically used (<10), very little of the 'window area' of the transformer is

used. This leaves room for multiple windings, without major modification of the
transformer. This is preferred to increasing the size of the primary WIre because of
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radial space constraints. If rectangular wire can be used, such that the radial width is

not increased as the cross section is increased, this is a viable option.

2. Decrease the secondary winding resistance. This is difficult to do given the space
constraints due to the large number of secondary turns (often > 2000). Any increase

5 in the wire size will result in a large increase in the necessary space. In general, the
wire chosen is the largest one that will fit in the given space.

3. Improve the core characteristics by choosing a core with either a larger cross

section, or a lower inherent loss. The former lowers the magnetic inductance in the
core, lowering the loss. However, increasing the size of the core is not desirable

from a cost and size perspective. Improving the material is not practical, as ferrites,

the presently selected material, are ideal for this application due to their combination
of low weight, cost, and loss at the frequencies encountered for the corona discharge
device.

4. Optimize the total loss by matching the core and winding losses

In an alternative preferred embodiment, power source 1000 may be provided
with a pair of transformers 1022 each ofwhich drives a corona discharge device 1020, as
shown in Fig. 37. This embodiment may be desirable because it decreases device cost by
sharing the cost ofpower source 1000 between two corona discharge devices 1020. In

^ ^
addition, this embodiment may be desirable because it decreases the amount ofheat
dissipated in each transformer 1022 and thus helps keep transformers 1022 below their

maximum operating temperature which may be, for example, approximately 1 75°C.
The power module can be used to power one or more corona discharge

devices. A power module is designed to drive a maximum capacitance, the system

^ capacitance is dominated by the cable's capacitance and the capacitance of the corona
discharge device. The sum of these capacitances, for the number of corona discharge
devices in a system, must not exceed the drive capacitance rating of the supply.

When the power supply drives more than one corona discharge device, there
are several options available for the system configuration, as shown in Fig. 53. Fig. 53

3 q

shows a single power module per corona discharge device system. Multiple corona
discharge devices would use multiple systems, beginning with the DC filter block. (B)
shows a 1 module, 1 transformer/corona discharge device system. Expansion of this system
to multiple corona discharge devices requires increasing the number of transformers, and

- 66 -



WO 00/50743
PCT/US00/04783

resizing the DC-AC inverter to handle the increased current. (C) shows a single

module/single transformer system. One transformer powers multiple corona discharge

devices. The transformer must be sized appropriately to handle the additional corona
discharge devices. (D) shows a configuration similar to A. In this case, a separate DC-AC

5 inverter and transformer power each corona discharge device. Only the DC filtering is

shared. The battery symbolizes the system power source. It is not necessarily a battery - it

could be the alternator (regulator) or another source ofDC power.

A corona discharge device system such as those disclosed herein may be
subject to a variety ofmechanical and electrical failures that seriously degrade performance

10 or, in extreme cases, harm corona discharge device 1020 or other system components. For
example, corona discharge device 1020 will receive no power (and hence develop no
corona) if, in the embodiment of Fig. 30, conductor 1026 is broken (open circuit) or

disconnected from either corona discharge device 1020 or transformer 1022. Moreover, as

noted above, if, in the embodiment of Fig. 32, inverter 1224 enters and remains in its
15

high-frequency mode (e.g., if a short circuit to ground develops in power source 1210 or
conductor 1234), power source 1210 may quickly burn out due to the high currents that

occur in that mode.

Accordingly, in a preferred embodiment, the disclosed corona discharge

^ ^
device system is provided with on-board diagnostic (OBD) tools that recognize and report

0
such system failures to the vehicle's diagnostic computer. A preferred embodiment for a
first such OBD system 1400 is shown in Fig. 38. OBD system 1400 preferably diagnoses
an open circuit or disconnect of conductor 1026 and a short circuit to ground in power
source 1000 or conductor 1026.

2 5
As shown in Fi§- 38

>
0BD astern 1400 preferably comprises a first counter

A that is initialized to 0 at 502 and a second counter B that is initialized to 0 at 504.
Counter A is then incremented by a clock 1402 oscillating at a frequency f

irlt , as shown at

1506. Counter B is incremented at 1508 once every oscillation ofpower source 1000. At
1510, after counter A has been incremented T times, the output frequency ofpower source
1000 is calculated at 1512 as B/T * f

3 0
At 1514, this calculated frequency is compared to the nominal frequency of

power source 1000 (i.e., the oscillation frequency when no error condition is present), plus
or minus some acceptable delta f. If the calculated frequency ofpower source 1000 is
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outside this window, then a failure condition is detected and an error bit set at 1516 to

indicate the failure. Otherwise, no error is detected, and the system returns to 1502.

The theory of operation ofOBD system 1400 is as follows. If an open

circuit occurs in conductor 1026 or if conductor 1026 becomes disconnected from power

5 source 1000 or corona discharge device 1020, then the capacitance of the load on power
source 1000 changes significantly. Since the oscillation frequency of, for example, inverter

1224 in Fig. E is: 1 / (2*pi*sqrt(LC)), where L is the inductance of transformer 1022 and C
is the capacitance of load 1020, the oscillation frequency of inverter 1224 will change

significantly if such an open circuit or disconnect occurs. Thus, by detecting the shift in
10 output frequency from power source 1000 one can detect the occurrence of this failure.

Moreover, as noted above, if a short circuit to ground occurs in, for example,

conductor 1034, then inverter 1224 in Fig. 34 may switch to its high-frequency pole.

Experimental results indicate that this shift may be on the order of a change in frequency

from 15KHz to a frequency greater than 75 KHz. By detecting this frequency shift, such a
15

short circuit failure may be detected. It should also be noted that the output voltage

typically drops by a significant amount when this failure occurs. Thus, another technique

for detecting this failure would be to compare the expected output voltage to the actual

output voltage. This second technique may be used on its own or as a complement to OBD
system 1400.

2 0 A second OBD system 1450 for detecting cable breakdown or failure of

corona discharge device 1020 is shown in Fig. 39. As shown in Fig. 39, OBD system 1450
preferably comprises a resistor 1452 and a capacitor 1454 connected between the ground

side of the secondary winding of transformer 1022 and ground. Appropriate values for

resistor and capacitor may be 100 ohms and 0.5pF, respectively. At these values, each of
resistor 1452 and capacitor 1454 exhibits a voltage of 3V assuming an output current of

30mA and an output frequency of 20 KHz through the secondary winding of transformer

1022. This output voltage may be read directly by digital logic 1456. Significant variations

from this output voltage may be interpreted as demonstrating a system failure.

3

A further preferred embodiment of this second OBD system 1450 is shown
in Fig. 40. Several of the components in Fig. 40 are the same as in Fig. 39, and like

components are designated by like numerals. In addition, the preferred embodiment shown
in Fig. 40 further comprises a processor 1458 comprising an A/D converter 1460 that reads
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the output voltage of resistor 1452 and capacitor 1454. A/D converter 1460 may preferably

be approximately a 4 to 6 bit A/D converter. The output of A/D converter is supplied to

digital logic 1456 for further processing and failure identification. This arrangement

provides sufficient precision to detect cable breakdown or failure of corona discharge device

5 1020.

Moreover, since the voltage output of resistor 1452 depends on the output

current in secondary winding 1076 and since the output voltage of capacitor 1454 depends

on both that current and the output frequency ofpower source 1000, the use of both resistor

1452 and capacitor 1454 along with processor 1458 allows both the current through the

secondary winding of transformer 1022 and the output frequency ofpower source 1000 to

be measured. This is a preferred combination because frequency shifts provide a much

more sensitive means of detecting degradation or failure in the system than current changes.

A further preferred embodiment of this second OBD system 1450 that also

measures the plasma power delivered to the load is described in connection with Figs. 41 to

46. The plasma power is reflected in the phase difference between the output voltage and

the output current. The output voltage of transformer 1022 may be measured using either a

resistive or capacitive voltage divider network to provide a workable output voltage.

Several of the components in Fig. 41 are the same as in Fig. 39, and like

components are designated by like numerals. In addition to those components, the further

preferred embodiment shown in Fig. 41 comprises a first resistor 1462 and a second resistor

1464 connected in series between the second terminal of secondary winding 1076 and

ground. In a preferred embodiment (for the case where the output voltage delivered to the

load is approximately 25 volts) resistor 1462 may preferably be approximately 10
8 ohms,

resistor 1464 may be approximately 4x1

0

5
ohms, and resistor 1452 may be approximately

300 ohms.

The voltage across resistor 1452 (designated V,) and the voltage across

resistor 1464 (designated Vv) are fed to a phase shift determining circuit 1466 shown in

Fig. 42. As shown in Fig. 42, phase shift determining circuit 1466 preferably comprises an

XOR gate 1468 having a first input 1470, a second input 1472, and an output 1474. A first

zener diode 1476 is connected between first input 1470 and ground and a second zener

diode 1478 is connected between second input 1472 and ground. Output 1474 is connected
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to an A/D converter 1480. An RC filter 1482 comprising a capacitor 1484 and a resistor

1486 is connected between output 1474 and ground.

The theory of operation of this preferred embodiment of second OBD system

1450 is now explained in connection with Figs. 43 to 46. The original voltage and current

5 output waveforms are shown in Fig. 43 as solid and broken waveforms, respectively. Those

waveforms are clamped to a voltage of approximately 3-5 V by zener diodes 1476, 1478

creating the waveform shown in Fig. 44. The clamped waveforms are then input to XOR

gate 1468 which outputs a signal only where the clamped waveforms do not overlap, as

shown in Fig. 45. The output ofXOR gate 1468 is filtered by RC filter 1482 and converted

10 by A/D converter 1480 which generates an output voltage V0 . Output voltage V0 is a

function of the phase shift between the current and voltage provided to the load, as shown in

Fig. 46, and, thus, a measure of the plasma power.

Knowledge of the plasma power is useful because it is a direct indicator of

system failure, and because it permits calculation of the exhaust pressure. In particular, the

expression for the plasma power is:

P = 4 * Cd
* f * V

s
* {V

0
- ((Cd + C^Q) * V

s)}

Where:

P is the plasma power;

Cd is the dielectric capacitance;

C
g
is capacitance of the air gap;

f is the frequency;

V
s
is the breakdown voltage of the gap; and

V
D is the output voltage described above

As the equation above demonstrates, ifP, f, Cd,
C

g
, and VQ are known then the

voltage V
s
may be determined. The exhaust gas density (N) may then be determined from

the well known Paschen breakdown curve ofV
s
versus N, as found in Meeks and Craggs,

Electrical Breakdown of Gases. Then, if the exhaust temperature is determined (using,

for example, a temperature sensor or the engine/exhaust operating parameters), the exhaust

pressure may be determined from N, T, and the Ideal Gas Law. From this, any anomalous

back pressure may be detected, based on knowledge of normal operating pressure. The

ability to determine exhaust pressure may be of particular importance in diesel exhaust

system applications where particle traps are employed.
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In a preferred embodiment, the D/A capability necessary to implement the

above-described circuits may be provided by the motor vehicle's on-board diagnostic

system which typically includes built-in D/A capability. Typically, the on-board diagnostic

system will comprise a multiplexed data bus over which it may address OBD system 1450

5 and receive corona discharge device power supply status data collected by OBD system

1450.

A third OBD system 1600 is shown in Fig. 47. The purpose ofOBD system

1600 is to detect high frequency ground currents in the vicinity of the point where corona

discharge device 1020 is located, such as where corona discharge device 1020 is threaded

10 into the exhaust pipe. It has been determined that such high frequency ground currents are

correlated to the actual current delivered to corona discharge device 1020. Thus, OBD
system 1600 provides a mechanism for more accurately assessing the current actually

delivered to corona discharge device 1020 than simply measuring the current supplied by

power source 1000 or running through cable 1026. Measurements of these other currents

15 may not accurately reflect the amount of current actually delivered to corona discharge

device 1020 if, for example, a short circuit exists between the point where the current is

measured and corona discharge device 1020.

As shown in Fig. P, OBD system 1600 preferably comprises a detector 1602

located near the point where corona discharge device 1020 is connected to ground for

detecting high frequency currents. Detector 1602 may, for example, comprise an antenna or

inductive coil. Alternatively, high frequency currents may be detected by placing a resistor

or probe on the ground loop.

As further shown in Fig. 47, OBD system 1600 may further preferably

comprise a high pass filter 1604 to filter out the high frequency ground currents from other

frequencies that may be present such as signals at the oscillation frequency ofpower source

1000. The filtered signals may then preferably be amplified by an amplifier 1606 and

provided to a processor 1608. Processor 1608 processes the received signals to determine

the actual current delivered to corona discharge device 1020. Threshold values may be set

by processor 1608, below which a diagnostic light may be set indicating lack of sufficient
30

corona. It should be noted that this technique may, in some cases, fail to discriminate

against strong stray coronas that might be caused, for example, by a broken cable.

20

25
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A fourth OBD system 1650 is shown in Fig. 48. The purpose ofOBD
system 1650 is to detect even small amounts of high-frequency electro-magnetic

interference (EMI) that may leak out ofpower source 1000. As shown in Fig. 48, OBD
system 1650 comprises a detector 1652 located near power source 1000. In a preferred

embodiment, detector 1652 may be an antenna or inductive coil. The output of detector

1652 may be supplied to the vehicle's on-board diagnostics 1656. In addition, as in OBD
system 1600, OBD system 1650 may employ high-pass filtering, amplification, and a

processor to further process detected signals before forwarding them to the vehicle's on-

board diagnostics.

As will be readily understood by one of skill in the art, in a typical

application, some sort of electrical connection between the required high voltage power

supply and the corona discharge device, such as a high voltage cable and connector, is

necessary to transmit power from the high voltage power supply to the corona discharge

device. Although, in some applications, it could be desirable to directly couple the power

supply to the corona discharge device, the high temperature environment and the limited

space available around the corona discharge device in a typical vehicular application makes

the direct coupling of the power supply or transformer to the corona discharge device

extremely difficult, although not impossible. However, it is typically simpler to mount the

high voltage power supply remotely, and use a cable to connect the power supply to the

corona discharge device. This requires a cable capable of transmitting high voltage and

current from the high voltage power supply to the corona discharge device, and preferably

provides a compact, robust, watertight cable assembly. Such a compact, robust, watertight

cable assembly is shown attached to one embodiment of a corona discharge device in

Fig. 49.

For a 200 horsepower engine, an example of a corona discharge device of the

invention uses about 10 to about 30kV peak-to-peak, at about 10 to about 30 kHz, and about

15W to about 40W, preferably about 25 to about 30W, of power. There often two or more

corona discharge devices on such an engine. As shown in Fig. 49, the cable 115 required to

transmit that amount ofpower at that voltage and frequency in a vehicular application

should have a center conductor 116 capable of handling 15W to 40W of real power, and

200W of reactive power, sufficient breakdown strength to transmit 30kV for at least about

5000 hours at 225°C, EMI shielding, corona suppression, low capacitance to minimize
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circuit and material loss, a dissipation factor of less than about one percent, resistance to

chemical attack, the ability to mate with a suitable weatherproof connector, and temperature

resistance, i.e, 125°C on transformer side, and 225°C on corona discharge device side, and

40°C on both sides. In addition, the cable 115 should be compact, flexible, and relatively

5 low cost.

As noted above, the cable 115 must handle voltages of about 30kV peak to

peak, and, thus, the insulation material 117 used in the cable should therefore not break

down under these conditions. Therefore, a 50 percent margin is typically provided to insure

durability. Breakdown generally occurs because the electrical field strength in the

10 insulation material 117 surpasses the breakdown field strength of the material, such that a

conductive path forms in the insulator, forming a destructive arc that irreparably damages

the insulator.

To avoid breakdown, the following equation must be satisfied:

15 Vapp/a*ln(b/a)<M*Ebr (l)

where E
br is the breakdown energy, a is the radius of the inner conductor, b is the radius of

the outer insulator, andM is the inverse of the safety margin desired
, e.g., for a safety

margin of a factor of two, M = 0.5. This equation places a limit on how small an inner
2 0

conductor 116 can be. This in turn affects the choice of a capacitance of the cable.

Whenever the electric field in air is above the breakdown threshold, which is

28 kV/cm at room temperature, and 16 kV/cm at 225C (both for planar geometries). In the

cable, the corona typically occurs where small air gaps exist between conductor and

insulator. This can be at either the high voltage conductor or ground side conductor In
25

order to avoid these air gaps the conductor and the insulator are preferably bonded. The
bonding can occur naturally around the center conductor if care is taken during the cable

extrusion process and the appropriate materials are used. However, the outside of the

insulator is generally not bonded to the ground shield. The field strength at the outer

surface of the insulator is given by the equation-
30

(Vapp/b)*ln(b/a))
(2)
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where Vapp is the applied peak voltage, b is the radius of the outer surface, and a is the radius

of the inner conductor. When no shielding is present, or if the shielding is loose, corona

will occur wherever the breakdown field strength of air is exceeded. This may be prevented

by bonding an outer shield 118 to the insulator 117. However, with existing technology,

5 this is not readily achieved with a metal shield. However, it is possible to bond a partially

conductive polymer shield to the insulator, eliminating the air gaps between the insulator

and shield. The conductivity of this shield 118 should be high enough to reduce the field

strength, but it is not typically high enough to provide adequate EMI shielding. Ail

additional metallic shield layer 119 is used to suppress EMI. This metallic shield 119 need

not be tightly bound to the partially conductive shield 118, however, as that layer has

already eliminated the high fields that can cause corona. Therefore, by applying a partially

conductive, tightly bound polymer layer 118 to the insulator 117, and overwrapping it with

a good metallic shield 119, a corona-free, shielded cable can be constructed.

High-frequency, high-voltage signals, such as those transmitted down the
15

cable 115, are capable of generating significant amounts of electrical noise, i.e., EMI,
which, if not shielded, will couple to surrounding metal surfaces, including grounds and

signal lines. Such noise can affect the performance ofnearby electronic equipment, and,

thus, is preferably significantly reduced or eliminated. Preferably, this noise is suppressed

or eliminated by fully shielding the cable with a metallic shield 119, such as a braid, which
allows the cable to remain flexible. More preferably, the shield surrounds a

corona-suppressing layer 118, such as that described above, which is tightly bound to the

insulator 117. The braid is preferably fairly tightly bound, so as to cause good EMI
suppression, and highly conductive, so to prevent the emission ofEMI by the braid.

Because high frequency, high-voltage is being sent through the cable 1 15,

any cable capacitance will generate 'reactive power'. The amount of reactive power
generated by the cable is given by the equation:

Practivc
= 2Tcf*C

clb(e Vnns
2

, (3)

which corresponds to a 'reactive current* given by the equation

derive = 27Tf*C
cable V^. (4)
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The reactive power generates loss in the cable due to the dissipation factor of

the cable. The dissipation factor, DF, is a measure of the AC loss of a cable. The total

cable loss is a function of the dissipation factor, and is given by the equation

5

Piob'DFT^ (5)

The reactive current induces loss in the transformer due to I
2

reactfvcR3 loss > as described

previously. Therefore, the lower the capacitance, the lower the loss. The capacitance of the

0 cable can be described as:

Ccabie = 27rLee
0/ln(b/a) (6)

where L is the length of the cable, e is the relative dielectric constant of the cable, and e0 is

5 the permittivity of free space.

To minimize the capacitance per unit length, e should be minimized, which

may only be accomplished with material selection. Materials such as TEFLON"® and silicon

are preferred due to their characteristics, such as low e and high temperature resistance.

Increasing the b/a ratio will also lower the capacitance. This may be accomplished by
3

increasing b, which is undesirable, since the cable then becomes large and expensive, or by

decreasing a, which is limited by the internal field strength as discussed above.

In practice, the physical limitations placed on the wire size limit the value of

a. Construction of coaxial cables with internal conductors smaller than 24 gauge is very

difficult. It is also difficult to mate a small conductor to the connectors. These practical

3

concerns fix the value of a to as small as possible. The value of b is then chosen to

minimize the capacitance. This determines the size of the cable, while keeping the field

strength around the internal conductor below the breakdown strength of the insulator

material. Silicone is an excellent material as discussed above, and has advantages over

TEFLON"10

,
being both bondable and lower in cost. However, silicon has a disadvantage

relative to TEFLON® in that it has a higher e (2.8 to 3.8 v. 2.1) than TEFLON®.

From equation 3, given above, it can be shown that the reactive power is

proportional to the cable capacitance. Thus, to minimize this loss, a low capacitance and a
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low dissipation factor material are preferred. TEFLON® provides the lowest loss dielectric,

but problems with corona and cost precludes its use. Therefore, a silicone is typically

chosen having a DF of less than about one percent to minimize the loss.

To handle the necessary current, which is a combination of the reactive

5 current and the real current, the center conductor must be sized accordingly. Typically, the

capacitance of the system is sufficiently low to maintain the reactive current at no more than

about 100 to about 200 mA. As the real current is in typically very low, i.e., less than about

1 mA, the reactive current dominates. A current of 200 mA typically requires a wire having

a gauge of greater than about 31, which is significantly smaller than the physical limitations

10 imposed by cable construction and handling, and, thus, the current handling capability of

the cable is not a factor in the design.

Any product put under the hood of a motor vehicle should be capable of

resisting chemical attack from a variety of substances found in and around the vehicle,

typically ranging from fuel to road salt. Therefore, the cable is preferably protected by an

15 outer insulation that covers the shielding braid, is resistant to chemical attack, and is not

permeable to fluids. Useful materials include, but are not limited to, TEFLON"9 and

specially processed silicones and/or fluorosilicones. The thickness of the jacket is

preferably selected as the minimum required to adequately protect the cable for the

projected life of the cable, maximizing cable flexibility and minimizing cost.

2 0 The cost of the cable is a function of the cable material, the cable volume,

and the cable construction. Typically, the material is the driving force in cable cost, with

TEFLON*0
costing three to four times as much as silicone. The volume of material directly

affects the cost, so that a smaller TEFLON® cable could be the same price as a larger

silicone cable. The construction of the cable, i.e. the number of corona suppressing layers,

25
the conductor material, the shield material, and the jacket material all play key roles in

determining cost. The choice of cable construction is first made on a technical basis, with

the prevention of corona and breakdown primary goals, and the reduction in capacitance

also important. The jacket is chosen as discussed above.

As in the case of chemical attack, the cable materials are preferably chosen
30

to survive temperature extremes, which can range from as low as about -40°C to as high as

about 225°C depending on where the vehicle is stored and used. Such temperature

extremes result in severe temperature cycling, that can cause premature failure in a cable. A
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silicone material is generally preferred as it is resistance to temperature extremes. However,

silicone has a large coefficient of thermal expansion that can cause problems if not factored

into the design of the cable.

The physical flexibility of the cable is important for packaging

considerations. It is likely that the exact location of the power supply, relative to the corona

discharge device will be known in advance for a particular application. Therefore, the cable

must be flexible enough to be routed to the corona discharge device under most

circumstances, and a minimum bend radius must be specified, which is typically about eight

times the diameter of the cable. Therefore, the cable size is preferably minimized to obtain

the desired bend radius. Silicone typically has a lower bend radius than an equivalently

sized Teflon cable.

The mating of the cable 115 to a suitable weatherproof connector 120 is

important for integrating the cable into a system. The cable must be easily strippable and

processable to facilitate construction of the cable, which prevents the use of certain types of

corona suppressing layers because they are too tightly bonded from the inner insulator, and,

thus, cannot be removed separately. The center conductor 116 should sufficiently large to

allow mating to a pin 121 possible, and the jacket material 117 must take a crimp, so that

the connector 120 will stay attached to the cable 115. Most jacket materials, including

Teflon and silicone, take the required crimp.

A connector from the cable 1 15 to the power supply (not shown) is necessary

to provide serviceability and flexibility in installation. This connector is preferably

weatherproof, corona-free, durable at the voltage levels and frequencies encountered during

operation, able to withstand temperature variation from about -40°C to about 125°C, and

easy to actuate.

As shown in Fig. 49, a basic connector design 120 useful with the invention

mates to the high voltage cable 115 described above on one end, and the other mates to the

power module, and the power module has a mating connector that interfaces to the high

voltage transformer. The cable 115 and the connector 120 interface via a crimp 130. The

crimping surface is part of the connector 120, but the crimp 130 is designed with an

underlying crimp ring, which protects the cable 115 from damage during the crimping

process.
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Crimping is accomplished by first stripping the jacket 117 from cable. The

crimp ring is then positioned over cable, the braid is pulled over crimp ring, and the heat

shrink is placed over cable 115, which is followed by the connector shell 120. The stripping

of the exposed cable end is finished as desired, and a receptacle 122 is soldered to end of

cable. The cable is inserted into a pre-assembled connector 120, bottoming out the cable

against a silicone plug 123. The connector flange is then crimped, forming a uniform

crimp, having at least six points of contact, i.e., hex. The heat shrink is brought over flange,

and shrunk. The resulting crimp is weatherproof, and can withstand more than about 40

pounds of pull force.

The connector 120 itself comprises a silicone plug 123, fitted inside a slotted

can 124. The plug 123 is designed to fill as much air space as possible inside the can 124,

with small pockets of air space remaining to allow for the thermal expansion as the can 124

heats up. The pockets are preferably sized and placed in such a way that the field strength

inside the pockets is less than the corona onset voltage of air, even at 125°C, thereby

preventing stray corona from forming.

The slotted can 124 consists of three slots at the bottom of the can 124,

which fit over pins on the mating connector, and keep the cable 115 from rotating, as cable

rotation can couple into a rotation of the central conductor, which can cause the wire to

break. A one quarter turn shell, having three wedges cut out in its side, fits over the can.

The wedges mate with the pins on the mating connector, so that rotating the shell a half turn

forces the wedge to contact the pin, pulling the entire cable assembly down. The wedge has

a small step, so that after a half turn, the step captures the pin, and keeps the shell from

counter-rotating. The plug is forced downward, onto the mating surface of the mating

connector, creating an air-tight, arc-free seal, The design of the plug is such that this seal is

air-tight under the lowest temperature conditions, and under the worst possible tolerance

stack-ups.

In its simplest form, the transformer side mating connector comprises a base

having three pins equally spaced around its perimeter. The pins fit into slots in the

connector can, and provide a surface against which the wedges in the outer shell push to

force the connector down. The base has an interior surface that mates flush with the

silicone plug. The interior surface of the base is contoured to extend the surface path length
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from the center electrode to the outer shell, minimizing the probability of arc formation

along the surface.

A particular concern in vehicular applications of the corona discharge device

of the invention is the suppression of electromagnetic interference ("EMI") that may be
5 generated by the corona discharge device, power supply, or high voltage cable required to

transmit the power from the supply to the corona discharge device. The use ofwire with a

distributed resistence is illustrated in Fig. 50, which provides a schematic illustration of a

power supply 215, comprising a high voltage transformer 216, connected to the high

voltage electrode of a corona discharge device 217, by a resistive wire 218, comprising a
10 high voltage lead 219 and a grounded shield 220. The resistor is about 1 kOhm. An

alternate configuration, as shown in Fig. 5 1, is to use a no resistance wire, i.e., less than one

ohm, in series with a one kOhm resistor in line with the high voltage electrode of the corona

discharge device 217, creating a low-pass filter having the intrinsic capacitance of the

corona discharge device, with a low-pass 3dB cut-off frequency of l/(2rcRC). For example,
15 assuming an intrinsic capacitance of 12 pF for the corona discharge device, a resistor of 500

Ohms results in a 3dB low-pass cut off frequency of 16 MHZ.
The low-pass filter works by suppressing the high frequency content (greater

than about 10 MHZ) of the high voltage spikes due to the corona discharge that would

normally propagate down the high voltage cable. Care must be taken in choosing the
2 0

resistor for the low-pass filter. A resistance that is too large can result in a cut-off frequency

that is sufficiently low that the spikes themselves are attenuated. This occurs, for example,

where the repetition rate of the spikes exceeds the low frequency cutoff. In that case, new
spikes form at lower voltages than would normally occur, and, thus, lower the power into

the corona.

In addition, too large a resistance results in excessive I
2R losses in the

resistor. In particular, the rms current through the resistor is 2nfCVmii, and, thus, the I
2R

loss is (2wfCVnni )
2
2R. Therefore, assuming is 7 kV, f is 20 kHz, and C is 12 pF, the

power lost in Watts is

P|
OSS
= 00-4 W/Ohm)* R.

30

Therefore for a resistance of2 kOhm, the loss is only 0.2 W, a small percentage of the total

power. However, in a preferred embodiment, for a resistance of 15 kOhm, the loss is 1.5
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W, a noticeable percentage of the total corona power. When the resistor is positioned

properly on a corona discharge device, a significant reduction in radiated EMI is observed,

e.g., EMI improvements were observed for from 100 to 2,500 Ohms..

The resistor 222 is preferably able to withstand high temperatures, i.e., over
5 300°C, and maintain good contact with the electrodes. One embodiment, which is similar

to the resistor in spark plug arrangement currently used on many models of spark plugs, is

illustrated in Fig. 52, where an internal, in-line resistor 225 is integrated into the high

voltage electrode 226 of the corona discharge device. The tolerance in the resistor value is

not crucial, as changes of plus or minus 30 percent for a baseline resistance of 1.25 kOhm
10 have a minimal impact of both the EMI and the power draw.

It should be noted that the only requirement of the preceding embodiments

of the present invention is that free radicals or gaseous reactive species, in particular,

hydroxyl radical, are added to the combustion gas stream at a point upstream of the outlet of
the catalytic converter, for example, the air intake duct to the carburetor or fuel-injection

15 systems of the combustion chamber, the air/fuel intake manifold to the combustion

chamber, the combustion chamber directly or the exhaust manifold of the combustion

chamber, the exhaust pipe, or at a point within the catalytic converter..

Moreover, while the present invention has been described with reference to a

catalytic converter, it is contemplated that only the high surface area provided by the

converter in conjunction with the introduction of radicals would be required to reduce the

pollutants in the exhaust gases of a combustion engine.

Although the present invention has been described with particular reference

to its preferred embodiments, it should be understood that many variations and

modifications will now be obvious to those skilled in that art, and, therefore, the scope of
the invention should not be limited by the specific disclosure herein, but only by the

appended claims.

30
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THE CLAIMS

What Is Claimed :

1. Air apparatus for reducing at ieast one pollutant in a gas stream

5 containing gas formed from the oxidation of fuel, the apparatus comprising:

a catalyst, having an inlet and an outlet, wherein the catalyst is positioned

such that at least a portion of the gas stream passes through the catalyst;

a corona discharge device for producing a corona discharge in the gas

stream, the corona discharge device comprising a first electrode, a second electrode

10 positioned a distance from the first electrode, and a dielectric material positioned between

the first electrode and the second electrode; and

a high frequency power supply having an operational frequency of at least

about 1,000 Hz adapted to provide electrical power to the corona discharge device, wherein

at least a portion of the gas stream is exposed to the corona discharge to

produce radicals from gaseous species in the gas stream, and the radicals are introduced into

the gas stream at a point upstream of the outlet of the catalyst.

2. The apparatus of claim 1, wherein only a portion of the exhaust gas

stream is exposed to the corona discharge.

20

3. The apparatus ofclaim 1, wherein the power supply produces from

about 10 to about 50W of average power per corona discharge device during normal

operations.

2 5
4. The apparatus of claim 1, wherein the power supply produces from

about 50 to about 1000W for a period of up to about 120 seconds after engine startup.

5. The apparatus of claim 1, wherein the gas stream is the exhaust gas

stream of an engine having one or more combustion chambers and at least one exhaust port

in fluid communication with each combustion chamber for removing exhaust gas from the

combustion chambers, and wherein the catalyst is a part of a catalytic converter.
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6. The apparatus of claim 5, wherein the catalytic converter is a three

way catalyst.

7. The apparatus of claim 5, wherein a corona discharge is positioned

5 'within each combustion chamber of the engine.

8. The apparatus of claim 7, wherein the corona discharge devices are

positioned within the combustion chambers adjacent to the exhaust ports.

10 9. The apparatus of claim 5, wherein the corona discharge device is

positioned within at least one of the exhaust ports.

10. The apparatus of claim 5, wherein the engine is a non-stoichiometric

engine.

15

11. The apparatus of claim 10, wherein the engine is a lean burn engine.

12. The apparatus of claim 5, further comprising an exhaust pipe attached

to the inlet of the catalytic converter, such that at least a portion of the exhaust gas stream

2 0
passes through the exhaust pipe to and through the catalytic converter, wherein the exhaust

pipe comprises a fitting for positioning the corona discharge device in the exhaust stream or

a portion thereof, so that a corona discharge is produced in the exhaust stream upstream of

the outlet of the catalytic converter.

25
13. The apparatus of claim 12, further comprising a diverter within the

exhaust pipe configured and adapted to divert flow of the gas stream to "the corona discharge

when the engine is cold.

14. The apparatus of claim 12, further comprising an oxygen sensor

3
° positioned between the corona discharge device and the inlet of the catalytic converter.
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15, The apparatus of claim 12, wherein corona discharge device is

positioned in a shunt attached to the exhaust pipe, such that at least a portion of the exhaust

gas stream enters the shunt from the exhaust pipe at a first point, and re-enters the exhaust

pipe at a second point upstream of the outlet of the catalytic converter.

5

16. The apparatus of claim 15, further comprising a diverter within the

exhaust pipe configured and adapted to divert flow of the gas stream to the shunt when the

engine is cold.

10 17. The apparatus of claim 15, wherein the shunt comprises one or more

extended surfaces for removing heat from the shunt.

18. The apparatus of claim 1, wherein the corona discharge device

comprises generally concentric electrodes, configured and adapted to form the corona

-1* 5 discharge in an air gap defined by the electrodes.

19. The apparatus of claim 18, wherein the concentric electrodes

comprise an inner electrode having a surface, an outer electrode having an inner surface and

an outer surface, and a dielectric material, which forms a layer adjacent to at least one of the

surface of the inner electrode or the inner surface of the outer electrode.

20. The apparatus of claim 19, wherein the dielectric material has a

dielectric constant in the range of from about 2 to about 10.

25
21. The apparatus of claim 19, wherein the dielectric forms a layer

adjacent to the surface of the inner electrode and forms a layer adjacent to the inner surface

of the outer electrode, wherein the dielectric layer adjacent to the surface of the inner

electrode and the dielectric layer adjacent to the inner surface of the outer layer define the

air gap between the inner and outer electrodes.

30
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22. The apparatus of claim 21, wherein the dielectric layer adjacent to the

surface of the inner electrode and the dielectric layer adjacent to the inner surface of the

outer layer form a single continuous piece of dielectric material.

5 23. The apparatus of claim 19, wherein the outer electrode is generally

cylindrical, and defines at least one hole to allow the exchange of gas between the air gap

and the gas stream.

24. The apparatus of claim 23, wherein the at least one hole is in the form

10 of a slot.

25. The apparatus of claim 24, where in the at least one hole is associated

with at least one louver extending from the outer surface of the outer electrode.

15
26. The apparatus of claim 19, wherein the outer electrode comprises a

wire or mesh.

27. The apparatus of claim 26, wherein the outer electrode includes a

wire screen or mesh top portion, such that the air gap is totally enclosed by the electrodes

20
and the dielectric, and the wire screen or mesh portion of the outer electrode acts as a flame

arrester.

28. The apparatus of claim 5, further comprising at least one flame

arrester positioned to prevent flame from propagating in the exhaust pipe.

25

29. The apparatus of claim 28, wherein at least one flame arrester is

positioned downstream of the corona discharge device and upstream of the outlet of the

catalytic converter.

30
30. The apparatus of claim 5, wherein the corona discharge device is

positioned such that naturally occurring pressure fluctuations in the exhaust stream provide

a pumping action that forces exhaust gas into the corona discharge device, and scavenges
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gases containing radicals produced in the corona discharge from the corona discharge

device.

3 1 . The apparatus of claim 30, further comprising a plenum positioned

5 adjacent to the corona discharge device, such that exhaust gas pass from the exhaust pipe,

through the corona discharge, into the plenum, and back into the exhaust pipe.

32. The apparatus of claim 5, wherein the exhaust pipe functions as a

distant ground for the corona discharge device.

10

33. The apparatus according to claim 5, further comprising a device for

injecting air into the exhaust stream during fuel rich operating conditions, such that the

corona discharge causes the combustion of excess fuel in the exhaust stream.

15 34. The apparatus of claim 5, further comprising an exhaust pipe attached

to the inlet of the catalytic converter, a tailpipe attached to the outlet of the catalytic

converter, such that at least a portion of the exhaust stream passes from the exhaust pipe to

and through the catalytic converter and through the tailpipe,

the tailpipe having an exhaust gas takeoff for conveying a portion of the

exhaust stream to a remote radical generator, which comprises the corona discharge device,

for producing radicals in the exhaust gas in the portion of the exhaust stream conveyed to

the remote radical generator, and

a remote radical generator output for returning the exhaust gas containing

radicals from the remote radical generator to the exhaust stream at a point upstream of the

2 5 ....
outlet of the catalytic converter, where the exhaust gas containing radicals is injected into

the exhaust stream.
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35. The apparatus of claim 34, further comprising an oxygen sensor

positioned between the inlet of the catalytic converter and the point upstream of the outlet

of the catalytic converter where the exhaust gas containing radicals is introduced into the

exhaust stream.

5

36. An apparatus for reducing at least one pollutant in an exhaust gas

stream containing exhaust gas formed from the combustion of fuel in an engine having a

combustion gas stream, which comprises a precombustion gas stream and the exhaust gas

stream, the apparatus comprising:

10 a catalytic converter, having an inlet and an outlet, where the catalytic

converter is positioned such that at least a portion of the exhaust gas stream from the engine

passes through the catalytic converter;

a corona discharge device for producing radicals in the combustion gas

stream of the engine, the corona discharge device comprising a first electrode, a second

15
electrode positioned a distance from the first electrode, and a dielectric material positioned

between the first electrode and the second electrode; and

a high frequency power supply having an operational frequency of at least

about 1,000 Hz adapted to provide electrical power to the corona discharge device, wherein

at least a portion of the combustion gas stream is exposed to the corona

discharge to produce radicals from gaseous species in the combustion gas stream, wherein

the radicals are introduced into the combustion gas stream upstream of the outlet of the

catalytic converter.

37. The apparatus of claim 36, wherein the radicals are produced in the

precombustion gas stream.

38. The apparatus of claim 36, wherein the radicals are injected into the

precombustion gas stream.

30
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39. A method for the reduction of at least one pollutant in a gas stream

containing gas formed from the oxidation of fuel, the method comprising:

passing the exhaust gas stream through a catalyst having an inlet and an

outlet;

5 forming radicals in at least a portion of the gas stream using a corona

discharge, produced by a corona discharge device, which comprises a first electrode, a

second electrode positioned a distance from the first electrode, and a dielectric material

positioned between the first electrode and the second electrode;

providing electrical power to the corona discharge device with a high
10 frequency power supply having an operational frequency of at least about 1,000 Hz; and

introducing the radicals into the exhaust gas stream upstream of the outlet of
the catalyst.

40. The method according to claim 39, further comprising producing the
15

radicals from at least one of water or 0
2 in the exhaust gas.

41
.

The method ofclaim 39, further comprising producing a corona

discharge whenever fuel is oxidized

2 0
42. The method of claim 39, further comprising introducing the radicals

into the gas stream such that the radicals react with pollutants in at least one of the gas

stream upstream of the catalyst or in the catalyst.

43
'

The method of claim 39, wherein the radicals react with the at least

one pollutant within the catalyst.

44. The method of claim 39, further comprising reacting the radicals with
at least one pollutant in the gas stream.

30
45. The method of claim 39, further comprising forming the radicals in

only a portion of the gas stream.
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46. The method according to claim 39, wherein the radicals are produced

from at least one of water or 02 in the gas stream.

47. The method according to claim 39, further comprising reacting the

5 radicals with gaseous species in the exhaust stream to form gaseous reactive species.

48. The method according to claim 47, further comprising forming

radicals and gaseous reactive species that comprise at least one of OH, O, H, H0
2 ,
H202 ,

N02 , or 03
.

10

49. The method according to claim 39, further comprising forming the

radicals in the gas stream at a point upstream of the outlet of the catalyst.

50. The method according to claim 39, further comprising oxidizing the
15

fuel in a combustion chamber of an engine, forming an exhaust gas in the gas stream, and

passing the gas stream containing the exhaust gas through an exhaust pipe connected to the

inlet of a catalytic converter containing the catalyst.

5 1
.

The method according to claim 50, further comprising positioning an
20

oxygen sensor in the exhaust pipe between the catalytic converter and the point upstream of

the outlet of the catalyst where the radicals are introduced into the gas stream.

52. The method according to claim 39, further comprising diverting at

least a portion of the gas stream, conveying the diverted gas stream to a remote radical
25

generator, forming radicals in the diverted exhaust gas stream using a corona discharge in

the radical generator, and injecting the radicals into the gas stream at a point upstream of the

outlet of the catalyst.

30
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53. The method according to claim 52, further comprising oxidizing the

fuel in a combustion chamber of an engine, forming an exhaust gas in the gas stream,

5 passing the gas stream containing the exhaust gas through an exhaust pipe connected to the

inlet of a catalytic converter containing the catalyst, and positioning an oxygen sensor in the

exhaust pipe between the catalytic converter and the point upstream of the outlet of the

catalyst where the radicals are injected into the exhaust stream in the exhaust pipe.

10 54 * The method according to claim 39, further comprising removing

catalytic poisons from surfaces of the catalyst by the reaction of the poisons with at least

one of the radicals or gaseous reactive species formed from the reaction of radicals and

gases in the gas stream.

15
55. The method according to claim 54, wherein the catalytic poisons

comprise at least one of compounds of sulfur, phosphorus, or carbon.

56. The method according to claim 39, further comprising aiding

combustion of fuel or hydrocarbons in the exhaust stream with the corona discharge during
2 0

cold start or misfire conditions.

57. The method according to claim 56, further comprising injecting a

controlled amount of air into the exhaust gas stream during cold start conditions to provide

oxygen required for the combustion.
25

58. The apparatus of claim 10, wherein the engine is a gasoline engine.

59. The apparatus of claim 16, wherein the diverter diverts the gas stream

when the engine is cold.

30
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60. The apparatus of claim 1, wherein the power source comprises:

a DC-DC regulator having an input and an output;

the input of the DC-DC regulator being adapted to be coupled to an output of

a DC voltage source;

5 a DC-AC inverter having an input and an output;

the input of the DC-AC inverter being adapted to be coupled to the corona

discharge device.

6 1
. The apparatus of claim 60, wherein the DC-DC regulator is adapted

to provide at least about 25 watts to the input of the DC-AC inverter, the DC-AC inverter

providing an AC waveform with a frequency of from about 5 to about 100kHz and a

peak-to-peak voltage of from about 12 to about 30 kV, wherein the waveform frequency

and voltage depend upon load conditions.

62. The apparatus of claim 60, wherein the DC-DC inverter is adapted to*

provide an approximately 10 watt output having an AC waveform with a frequency between

approximately 5KHz and lOOKHz and a peak-to-peak voltage of approximately 12-30 KV.

63. The apparatus of claim 60, wherein the power provided by the power

source is approximately at least about 5 watts.

63. The apparatus of claim 60, wherein the power provided by the power

source is approximately at least about 10 watts.

64. The apparatus of claim 60, wherein the power source comprises a

transformer having a primary winding and a secondary winding, wherein the ratio of the

primary to the secondary is approximately between 100 to 1 and 1000 to 1.

65. The apparatus of claim 64, wherein the ratio is approximately

between 200 to 1 and 300 to 1.
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66. The apparatus of claim 64, wherein the ratio is approximately 200 to

67. The apparatus of claim 60, wherein the power source comprises

5 components that define a natural frequency of operation to provide an output signal

substantially without high frequency components.

68. The apparatus of claim 60, wherein the power source comprises a

Royer topology.

10

69. The apparatus of claim 60, wherein the DC-AC inverter provides an

AC waveform to the corona discharge device that generates a corona power of from about

5 watts to about 500 watts.

15

20

25

30
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